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l\tlaria Pernilla Odblom 
ABSTRACT 
Cephalopods have one of the most sophisticated cardiovascular systems among the 
invertebrates; they have an enclosed high pressure blood system, characterised by a double 
circulation, with one main systemic heart and two gill hearts. The cephalopod cardiac 
tissues are basically myogenic, but there is evidence for both nervous and hormonal 
regulation of most parts of the cardiovascular system, although the details of the control 
systems remain unknown. This study investigated the physiology and innervation of the 
cardiac tissues of the squid Alloteuthis suhulata, Loligo jorhesii and L vulgaris. 
Histological staining techniques established that the cardiac organs in squid are innervated 
from the palliovisceral lobe of the brain via the paired visceral nerves. The nerves to the 
ventricle, branch off from each of the visceral nerves, close to a commissure that connects 
the two visceral nerves. The auricles of the systemic heart are innervated from a cardiac 
ganglion, situated at the base of the gills. Other branches, also given off at this level, 
innervate the lateral vena cava, afTerent and efl'erent branchial blood vessels, branchial hearts 
and the muscular valve region between the branchial heart and afferent branchial vessel. 
Electron microscopical studies have shown the structure and number of fibres in these 
nerves. 
Pharmacological studies of isolated and perfused squid branchial hearts showed that 
acetylcholine had an inhibitory efl'ect on cardiac activity, acting on both nicotinic and 
muscanmc receptors. An aminergic receptor system may be present in squid branchial 
hearts, although the transmitter substance is still unknown. The catecholamines adrenaline 
and noradrenaline excite the heart, although in an inconsistent manner. 
Whole cell patch clamp studies revealed that individual squid heart cells operated, using a 
combination of at least six different ionic currents; three outward potassium currents 
(delayed rectifier, A-current, calcium-activated current) and three inward currents (sodium 
current, L- and T -type calcium currents). An understanding of the functions of the various 
currents was obtained by recording electrically stimulated and spontaneous action 
potentials, using conventional intracellular recording and stimulation techniques. The ionic 
currents were isolated by applying known channel antagonists, and each antagonist's effect 
on the action potential was studied. 
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Chapter 1 liNtRQiOUCTIIiQiN 
Chapter 1 INTRODUCTION 
Cephalopods are a highly specialised group of molluscs, often considered the most 
advanced of all living invertebrates, with many features similar to those found in 
vertebrates (Packard, 1972; Schipp, 1987a). Cephalopods are exclusively marine, 
inhabiting most pa11s of the oceans from shallow coastal waters down to great depths, and 
vary in habit from permanent pelagic to benthic fom1s (Summers, 1983). Adult size ranges 
from a few centimeters to up to 20 metres (being one of the largest invertebrates). 
Typically, cephalopods are active carnivores, which grow very rapidly, and breed in a 
single season at an age of one to three years and then die (Wells, 1992a). 
1.1 Evolution of the cephalopods 
The first cephalopods arose in the late Cambrian, about 500 million years ago, as seen in 
the phylogenetic tree (Fig. 1.1 ). These early forms were thought to be herbivorous, small 
limpet-like creatures with conical shells, a highly ciliated visceral mass and a muscular 
foot, which crept slowly along the bottom of the ancient seas (Fig. 1.2) (Summers, 1983 ). 
They were recognised as cephalopods, because they had a chambered shell, connected with 
the body chamber via a siphuncular tube (Wells, 1992b). The chambered shell later 
evolved into the buoyancy system of a chambered, gas-filled external shell, which gave rise 
to the evolution of many new species with jaws, grasping tentacles and jet propulsion 
(Denton, 1974; House, 1988). The ability to control buoyancy also enabled these early 
cephalopods to move from a benthic habit and colonise the whole of the water column 
leading to many different ways of life. 
The cephalopods dominated the oceans during the Palaeozoic Period, 200 to 500 million 
years ago, \\·ith about I 0 000 different species known from this period (Ehrenstri:im, 1991 ). 
Most of these ancient forms are now extinct, except for the genus Nautilus, which is a 
remnant of one of the earliest cephalopod lines (Summers, 1983). Nautilus is the only 
living cephalopod with an external shell and is biologically distinct from the modern 
cephalopods, which are categorised as coleoids. The coleoids include the octopods, the 
sepioids (cuttlefish) and the teuthoids (squid), the latter two being commonly referred to as 
the decapods. In all of the coleoids the shell is reduced and internal (decapods) or entirely 
lost (octopods), and buoyancy control has been abandoned or achieved by other means. 
The first animals with internal shells arose about 350 million years ago and gave rise to the 
living coleoid groups of today. 
__ ._.: ........ TIME IN MILLION YEARS 
300 
t ENDOCERATOIOEA 
TERTIARY Genera Actinocerida ... ___________ ACTINOCERATOIDEA 
Belemnoodea & Modern Oobranchiates .. 
Orthoceroda 
Uvong Nautilus 
Figure 1.1. A hypothetical evolutionary tree for the nautiloids and coleoids. The width of the bars represents the number of genera known at the 
particular time. [Modified from Murray ( 1985)]. 
a:.-J 
o<t: 
-a: CX:t-Ulz ~UJ 
c:(> 
Muscle 
band 
Siphuncle 
Anus 
Mantle cavity 
Figure 1.2. A hypothetical reconstruction of an early cephalopod, such as the late 
Cambrian Plectronoceras. [From Y ochelson et al. (1973 )]. 
In contrast to the stereotyped picture of the molluscs as slow-moving animals, the 
cephalopods are fast-moving active predators. In order to become swift carnivores, basic 
changes were necessary in the original molluscan body design and functioning. Apart from 
developing neutral buoyancy and jet propulsion, which gave them increased speed and 
mobility, the evolution of a centralised nervous system, sophisticated sense organs and a 
complex skin colour change system were also essential for their long-tem1 survival and 
dominance. For such active cephalopods, another very important change, related to the 
requirements of fast movements, was an increase in metabolic rate, which in turn required 
high capacity ventilatory and circulatory systems (Wells, 1992a). 
1.2 Cardiovascular system 
The early part of the evolution of cephalopods took place at a time of very low atmospheric 
oxygen (Wells, 1992b). It was probably not until the late Carboniferous Period after the 
evolution of land plants, that the oxygen level reached contemporary pressures. The 
original circulatory system of molluscs was an open, low pressure system, with only 
weakly developed pumps for pumping the blood around the body. This system was 
inadequate to transport oxygen at the rate needed in active cephalopods, so there would 
have been enormous selccti vc pressure t~wouring the evolution of efficient ventilatory and 
circulatory systems. Further competition with other cephalopods and fish, once they 
developed, presumably forced progressive changes on the cephalopod blood systems. 
The coleoid cephalopods evolved a complex, closed cardiovascular system, which shows a 
convergent evolution with that of fish and higher vertebrates (Schipp, 1987a). This 
circulatory system, consisting of a main systemic heart, arteries, veins and capillaries, was 
further enhanced by the addition of a second set of hearts, the branchial hearts, situated at 
the base of the gills, whose function was to increase the rate of blood flow through the 
gills. Similarly, the use of cilia to create the respiratory current across the gills was not 
adequate for the required amounts of oxygen needed to sustain an active cephalopod. This 
latter problem was overcome by eliminating cilia and employing a muscularised mantle to 
pump water over the gills. Structural modifications of the gills also took place, such as 
increasing the gill area per gram body and reducing gill thickness, thereby enhancing 
oxygen uptake from the surrounding seawater (Wells, 1992b). Together with these 
changes, the blood (discussed in more detail below) changed as metabolic rates rose; 
hemocyanin concentrations increased, affinity (under low partial pressure of oxygen) fell 
and utilisation rose (Wells, 1992b). The living fossil Nautilus tissue can extract about 35% 
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of the available oxygen from the blood, whereas Octopus removes 84% and Loligo as 
much as 91% (Wells, 1992a). 
1.3 Anatomy of the cardiovascular system 
Modern cephalopods, thus have a high pressure, fully enclosed cardiovascular system, 
characterised by a double circulation with three hearts, a main systemic heart and two 
branchial hearts (Wells, 1992a). The dual circulation, with respiratory and systemic 
circuits in series, resembles the system of higher vertebrates rather than fish (O'Dor & 
Shadwick, 1989; Wells, 1992a). Figure 1.3 shows the main branches of the arterial system 
in the squid Loligo pealei. The single systemic heart, which consists of a ventricle and two 
auricles, generates the high pressures necessary to push blood through an arterial system 
running to all major organs of the body. Three aortas leave the ventricle; the blood of the 
anterior (dorsal) aorta supplies the head, limbs, brain, buccal apparatus, funnel, the anterior 
part of the mantle, stomach and liver. The posterior aorta supplies the mantle, fins, 
intestine and ink sac, and the gonadal aorta supplies the gonads. The same three arteries 
are found in all cephalopods, including Nawilus, indicating an early evolution of the 
circulatory system (Wells, 1992b). The arterial system connects to the venous return 
through fine blood vessels, which is unique for the coleoids among the molluscs. The 
venous system for Loligo is shown in Figure 1.4. The low pressure blood returns from the 
body tissues via the anterior vena cava which divides into two lateral vena cava, each 
delivers blood to one gill heart. The latter organ, situated at the base of each gill, together 
with the lateral vena cava, helps increase the blood pressure to overcome the resistance of 
the gill capillaries. An output valve, in the decapod branchial heart, prevents the blood 
from back flowing, but, this valve is not found in the octopods (Smith, 1982; Fiedler & 
Schipp, 1987). The oxygenated blood from each gill is collected in the efferent branchial 
vessel from which it returns to the main systemic heart. 
Systemic heart 
The systemic heart consists of two auricles and a single ventricle, and lies in the viscero-
pericardial-coelomic cavity in decapods, or in the reduced pericardium in octopods (Kiing 
& Schipp, 1987a). The thin walled auricles are composed of two layers of muscle fibres 
separated by a connective tissue layer (Smith & Boyle, 1983). Each layer consists of a 
loose network of muscle fibres, criss-crossing each other along the length of the auricle. 
Most of the ventricle consists of a powerful muscular myocardium, which is covered by the 
epicardium, facing the coelom, and lined by a thin layer of endothelial cells that form an 
incomplete endocardium (Schipp & Schafer, 1969a; Jensen & Tjonneland, 1977). The 
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cardiac myocytes emerge in circular and longitudinal layers in the myocardium. The 
muscle cells become less densely packed towards the lumen and form a spongy trabecular 
network. 
The ultrastructure of the ventricle muscle has been studied in the cuttlefish Sepia 
officina/is, S. esculenta and Rossia macrosoma (Kawaguti, 1963; Schipp & Schafer, 1969a; 
Jensen & Tjonneland, 1977). The myocardial cells of the systemic heart have a centrally 
located nuclei, with dense patches (Z-patches) seen in longitudinal section, which mark the 
equivalent of the Z-line in vertebrate cardiac muscle. The myocytes measure about I O~tm 
in diameter and show a clear oblique striation (Kling & Schipp, 1987a). A schematic 
diagram of a muscle fibre from the systemic heart of S. officina/is is presented in Figure 
1.5. Around the Z-patches the sarcolemma extends into the muscle fibres to form a fine 
transverse tubular (T-) system, which has bee!l described by Kling & Schipp (1987a) in the 
sepioids. An extensive sarcoplasmic reticulum (SR) system, present within the muscle 
cells of S. officina/is, probably serves as an internal store of calcium ions (Kiing & Schipp, 
1987a). 
The systemic heart is an aerobic tissue with a relatively high oxygen consumption 
(Houlihan el al .. 1987). Mitochondria ha\"e been shown to occupy large volumes of the 
muscle cells; this is also indicative of an aerobic heart (Dykens & Magnum, 1979). One 
distinct feature that has been identified in the octopod systemic heart, is the presence of a 
well-developed coronary supply (Agnisola el al.. 1990). This system provides an extensive 
oxygenation of the compact myocardium, which clearly improves the performance of the 
octopus heart. This has not yet been shown to be present in the decapods. 
Branchial hearts 
The branchial (gill) hearts of eephalopods are paired single-chambered pump organs. They 
form a functional unit together with the branchial heart appendage (see below) and, apart 
from their primary function of overcoming the peripheral resistance of the gill blood 
vessels and capillaries, they are the driving force for the ultrafiltration processes involved 
in the formation of primary urine, which takes place in the branchial heart appendages 
(Fiedler & Schipp, 1987). 
The wall of the gill heart has a three-layered structure analogous to the structure of the 
systemic heart wall and blood vessels; the outer part is lined by an (I) epicardium that 
surrounds the (2) myocardium, which is a loose, spongy layer composed of muscle fibres 
and a large number of vacuolar packing cells (Sundermann, 1980; Smith, 1982; Fiedler & 
Schipp, 1987). An incomplete (3) endothelium borders the lumen (Schipp & Schafer, 
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Figure 1.3. The arterial system of Loligo pea/et A) Lateral view. The two vertical lines 
inclicates the area ofthe carcliovascular system described in Figs. 1.38 and 1.4. B) Ventral 
view ofthe arterial system, showing the main components ofth.is system: the systemic heart. 
the three aortas leaving the heart: dorsal (anterior), posterior and gonadal aorta. [From 
Williams (1909)]. 
BRANCHIAL HEART SYSTEMIC HEART 
ANTERIOR l 
LATERAL VENA CAVAE 
POSTERIOR 
Figure 1.4. Ventral VIew of the venous system of Loligo pea/ei, showing the mam 
components of the venous return of blood from the body to the gills: anterior/lateral vena 
cava, branchial heart and afferent/efferent branchial vessels. [From Williams (1909)]. 
Figure 1.5. Schematic diagram representing a myocardial muscle fibre of Sepia officina/is. 
A transverse tubuJar (T-)system is formed by deep membrane invaginations (arrowheads). 
Nucleus (N), sarcoplasmic reticulum (SR), intercalated disc (DI). (All indications marked 
by small arrow nex't to the figure). [From Kling & Schipp (1987a)]. 
1969b ). Figure 1.6 shows a transverse section of the branchial heart wall and illustrates the 
high proportion of packing cells. The physiological function of these cells is unclear, 
although a detoxification function, or storage of functionally important substances and 
catabolic excretes have been suggested (Sundermann, 1980; Fiedler & Schipp, 1987). 
Most of the muscle cells, which are all obliquely striated, are found around the periphery of 
the gill heart, with strings of muscle ramifying the spongy mass, and forming a loose 
network oftransversal and longitudinal bundles of fibres (Wells, 1983a). The lumen of the 
branchial heart is highly branched, with fine blood spaces lying between the individual 
cells (Schipp & Schafer, 1969b,c; Jensen & Tjonneland, 1977). Ultrastructural studies of 
the myocytes shows that the SR-system usually runs in a longitudinal network, whereas the 
T-system is less well developed than in the systemic heart (Fiedler & Schipp, 1987). 
Fiedler & Schipp ( 1987) considered the branchial hearts to be anaerobic, lacking any 
supply of aerated blood, but performing on the residual oxygen returning in the venous 
blood. Wells & Smith ( 1987), however, claimed to have identified an arterial input from 
the abdominal aorta to the outer muscle rind of the branchial hearts in octopods. After an 
examination of the differences between metabolism of the systemic heart and branchial 
hearts of Octopus vulgaris. Eledvne cirrhosa, Sepia officina/is and Lvligo forbesii, 
Driedzic et al. ( 1990) further supported that the branchial hearts were working aerobically. 
They did not find any differences in the enzyme profiles that might indicate an expanded 
anaerobic capacity in the branchial hearts was detected and, therefore, an oxygenated blood 
supply directly from the systemic heart is most likely. 
Blood vessels 
In cephalopods, most of the arteries and veins have muscular walls which aid blood flow 
with peristaltic contractions. The exchange vessel system within the peripheric organs are 
'true capillaries', hence a closed system exists, building up large pressures. The large 
blood vessels also have a three layered wall structure, like those of vertebrates. There is an 
often incomplete endothelium together with a basal membrane (Tunica (T.) intima), a 
middle layer composed of loose connective tissue and obliquely striated muscle cells (T. 
media), and an outer layer of connective tissue (T. adventitia) (Schipp, 1987b ). 
Hemodynamic studies performed on the dorsal aorta of Octopus dojleini show that this 
aorta functions as an effective elastic reservoir or 'Windkessel' as described in Sepia 
officina/is (Shadwick et al., 1987; Schipp, 1987b), much like the arteries of vertebrates. 
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Figure 1.6. Schematic diagram of a part of the branchial heart wall, showing the muscle 
bundles (MB) and the high quantity of packing cells (PC). Magnification: 160X. [Drawn 
from Schipp & Schiifer (1969c)]. Sepw officillalis . 
1.4 The blood 
The functions of the blood include the need to deliver the products of digestion, eliminate 
wastes and distribute chemical messengers, but primarily to deliver oxygen in these often 
large and active animals (Wells & Smith, 1987). 
Hemocyanin, the cephalopod blood pigment, has a relatively low oxygen carrying capacity, 
never exceeding 4.5 vol% in squid (and lower for octopods), which is less than half that of 
fish, which use hemoglobin (O'Dor & Webber, 1986). Although hemocyanin has a low 
oxygen carrying capacity, there are compensations; the blood has a lower viscosity than 
vertebrate blood, thereby, making it easier to pump, and measurements of arterial and 
venous blood show that coleoids remove a very high proportion of the available oxygen at 
each circuit of the body (much higher than fish). Loligo can remove up to 91% of the 
available oxygen. compared \\ith 84% for octopods (Wells, 1992a) and 32% for fish 
(O'Dor & Shadwick, 1989). The oxygen affinity. and the degree of Bohr shift, correlates 
with the ecology of the different animals. The blood of Loligo. an active animal living in 
open water, has a relatively high oxygen can)'ing capacity, low affinity pigment and shows 
a very marked Bohr shift. thereby, increasing the oxygen transport to, and release at, the 
tissues. Octopus, together with Sepia. which are both benthic species that are never 
continually active, have relatively high oxygen affinity and pH-insensitive pigments, as 
well as a lower total oxygen capacity (Wells, 1983a). 
1.5 Hemodynamics of the cephalopod heart 
The low oxygen carrying capacity of ccphalopod blood means that cardiac outputs (stroke 
volume x frequency) ha\'e to be ,·ery large to fuel the high metabolic rates typical of 
colcoids (Wells. 1992b). The increase in cardiac output that has accompanied the rise in 
metabolic rates has been achieved, largely, by increasing the heart beat frequency from 
around 15 beats/min in Nautilus to more than I 00 beats/m in in some squid (Bourne, 1987; 
Wells, 1992b). 
Most studies of cephalopod cardiovascular physiology have been performed on either 
octopods or cuttlefish. Lack of comparative work with squid is due to the greater difficulty 
associated with surgical approaches to their circulatory system, problems with capture, and 
problems of maintenance of this animal. Squid are difficult laboratory animals, as they are 
relatively fragile and are often injured during capture (Summers, 1983). Furthermore, they 
are active animals and require much space, and often respond badly to enclosure and 
handling. Squid, therefore, do not survive very well in captivity, in contrast to the two 
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other groups that can be kept in aquaria from weeks up to several months. Wells (1992a) 
also stated that " ... a restrained squid is almost certainly a heavily stressed squid ... ". 
Hence, most knowledge of cephalopod cardiac physiology, is derived from octopus and 
cuttlefish, and very little is known about the system in squid. This lack of information, and 
the increasing commercial impm1ance of squid, make a study of squid cardiac physiology a 
timely and worthwhile project. 
Available information on the cardiovascular capabilities of squid indicates that the heat1 
rate, blood pressure and cardiac output are higher than for other coleoids (Bourne, 1987; 
Shadwick et al., 1990; O'Dor et al., 1990). These differences are presumably related to the 
animal's lifestyle, being relatively large, fast-swimming, pelagic cephalopods. Bourne 
(1987) measured the blood pressure in several parts of the circulatory system of intact 
Loligo pealei and showed that the pressure generated by the ventricle was the highest 
reported from the circulation of any intact cephalopod. The pressures produced by the 
branchial hearts of L. pealei \\·ere similar to those measured in Nautilus pompilius (Bourne 
et al., 1977) and Octopus l'ulgaris (Wells, 1979), but lower than those of the very large 
0. dojleini (Johansen & Martin, 1962). In L. pealei the heart rates were more than twice as 
high as in 0. vulgaris and Sepia officina/is (O'Dor et al., 1990). Furthermore, resting and 
active cardiae outputs are about three times higher in L. pealei than 0. vulgaris (O'Dor et 
al., 1990), and about seven to eight times larger for L. pealei compared with fish (Salmo 
gairdneri) (O'Dor et al., 1990). The large output of the squid heart reaches levels more 
typical of mammals than molluscs (Wells, 1992b). In general, cephalopods increase stroke 
volume rather than frequency to meet any additional oxygen demands in response to 
exercise (unlike mammals that increases frequency, as well as stroke volume). There is, 
however, evidence that the large increase in cardiac output of the squid L. opalescens 
primarily produced by an elevated heart rate at low swimming speeds and by an increased 
stroke volume at high speeds (Shadwick et al., 1988). Otherwise, frequency changes seem 
to be reserved to deal with temperature changes (Wells, 1979). 0. vulgaris increases its 
stroke volume up to three-fold in exercise, but this is still insufficient to supply its oxygen 
needs and it is thought that the animal accumulates an oxygen debt if it maintains such 
active movements (Wells, 1979). 
1.6 Cardiovascular regulation 
Like all molluscan hearts, cephalopod cardiac tissues are characterised by a myogemc 
automatism (i.e., the rhythmic activity has its origin in the heart itself and is not evoked by 
rhythmic impulses from the nervous system) (Fiedler & Schipp, 1987; Kling & Schipp, 
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1987a). Ramson (1883), was one of the first to demonstrate the cardiac myogenicity, he 
showed that rhythmic heart activity continued after the severance of the innervating 
visceral nerves. Based on the rhythmic activity observed in isolated hearts and heart 
fragments, it was thought originally that most molluscan hearts possessed a diffuse 
myogenic pacemaker (Krijgsman & Divaris, 1955). Support for this suggestion was 
provided by Alexandrowicz (Sepia officina/is, 1960) and Smith & Boyle (Eledone 
cirrhosa, 1983), who failed to identify any nerve cells in either the ventricle or branchial 
heart. Considerable evidence exists now for the presence of a pacemaker area in the atrial-
ventricular region of many molluscan hearts (Hill & Welsh, 1966; Kuwasawa, 1979; Jones, 
1983 ), including those of cephalopods. Smith (1981 a) investigated the octopod ventricular 
cardiogram, and stated that " ... it might be predicted that the diffuse myogenicity of the 
heart is subservient in the octopods to nodal areas, located in the region of the auriculo-
ventricular junction". Wells & Smith (1987, Octopus spp.) and Versen et al. (1995, S. 
officina/is) later supported the possibility of a pacemaker zone in the A V -region. 
The cephalopod cardiovascular system has a very elaborate innervation, more complex than 
that found in other molluscs. Alexandrowicz ( 1960) provided the most detailed description 
of the innervation of any cephalopod heart in his study of Sepia officina/is. Smith & Boy le 
( 1983) examined the morphology and innervation of the various components of the cardiac 
system of Eledone cirrhosa, and also made some comparative observations on E. moschata 
and Octopus vulgaris. The only studies of squid cardiac innervation were made in the 
beginning of this century by Carlson ( 1905a, Loligo pealei and Ommastrephes illecebrosa) 
and Williams ( 1909. L. vulgaris). but, unfortunately, these descriptions are somewhat 
incomplete. These anatomical studies show that there are distinct differences in the 
innervation pattern between decapods and octopods. However, a common feature for the 
decapods and octopods is that the hearts and blood vessels are extensively innervated from 
the suboesophageal part of the palliovisceral lobe in the brain, through the two visceral 
nerves (see Chapter 2.1 ). 
Wells (1980) investigated the effect of severance of the visceral nerves on the cardiac 
contractions. The cardiac system appears to be considerably self-regulating, as cutting the 
visceral nerves connecting the hearts with the central nervous system had remarkably little 
effect. The basic rhythm continued, with a synchronous beat of the gill hearts preceding 
the contraction of the systemic heart by about two thirds of a cycle. Resting systolic and 
diastolic pressures remained unchanged. Responses to temperature (frequency changes 
with temperature) and ambient oxygen level (the heart slows down with hypoxia) 
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continued as before. These responses persisted even after removal of the fusiform ganglia 
and cardiac ganglia (Wells, 1992b). 
Histochemical and pharmacological studies of the cephalopod systemic heart and the gill 
hearts have provided evidence for the likely presence of two antagonistically working 
transmitter systems with a cholinergic (inhibitory) and an aminergic (excitatory) 
component (see Chapter 3.1) (this is remarkably similar to the system found in vertebrates). 
Corresponding membrane-receptors in these organs are involved in the regulatory 
mechanisms of the circulatory system (Bacq, 1933a,b, 1934; Wells, 1983a, Kling, 1986a; 
Schipp et al., !986; Kling & Jakobs, 1987; Kling & Schipp, 1987a,b; Schipp, 1987a; Wells 
& Smith, 1987; Fiedler & Schipp, 1990, 1991 ). Further, blood vessels of cephalopods 
(octopods and cuttlefish) are richly innervated and histochemical and pharmacological 
experiments indicate a dual innervation of their at1eries and veins (Schipp, 1987b ). 
There is also considerable evidence to suggest that, apart from this extrinsic regulation by 
'classical' neurotransmitters, such as acetylcholine, noradrenaline, adrenaline, and 
serotonin, peptidcs play a fundamental cardioregulatory role (Wells, 1983b; Martin & 
Voigt, 1987; Fiedler, 1992). In molluscs. cardioactive peptides are thought to operate as 
humoral substances and, once released into the hemolymph or blood, they may influence 
many parts of the entire circulatory system. The neurosecretory system of the vena cava in 
cephalopods is known to have an endocrine function and resembles the neurohypophysis of 
vertebrates in some respects (Fiedler, 1992). Peptides have also been localised in the CNS 
and heart of the freshwater snail Lymnaea stagna/is, and have here shown to act as the 
direct neuro-muscular transmitters influencing both the ventricle and the auricle (Buckett et 
al., 1990a,b). This indicates an important role for neuropeptides in the regulation of the 
mollusc heart (See Chapter 3). 
1. 7 Electrical activity of the cardiac tissue 
In vertebrate cardiac tissue, extensive investigations have been performed on the electrical 
activity of the myocytes. Voltage-clamp studies of vertebrate cardiac cells have revealed a 
complicated pattern of both inward and outward currents; these being carried by sodium, 
calcium and potassium ions, and activated by voltage, or a specific ion, or neurotransmitter, 
or other compound. In the past, these variable factors have led to a description of the 
electrophysiology of the heart as being 'notoriously complicated' (Pelzer & Trautwein, 
1987). Very little is yet known about the variety of the ionic currents in invertebrate 
cardiac myocytes. It is, therefore, of great interest to study the electrophysiology of the 
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heart in this highly advanced mollusc, the squid, and, compare it to what is described in the 
literature about the vertebrate heart (See Chapter 4). 
1.8 Aims of the investigation 
This study sets out to examine the innervation and physiology of the cardiac tissues in three 
closely related species of squid, Alloteuthis subulata, Loligo forbesii and L. vulgaris. The 
programme of research was designed to provide information of how the complex 
cardiovascular system works in these very highly developed invertebrates. This 
information is compared with the cardiovascular system of other groups of cephalopods, 
molluscs and vertebrates. It is well known that cephalopods are unique amongst the 
invertebrates, with a highly developed nervous system, a well defined brain and an 
elaborate innervation of tissues and organs, such as the cardiovascular system (House, 
1988). it has been shown that several systems in cephalopods work in a similar way to the 
corresponding systems in vertebrates, such as the balance system, vision and cardiovascular 
system (Schipp, 1987a; Wells, 1992a; \Villiamson, 1990, 1995). The information about 
squid is very limited, as most knowledge obtained about the cephalopods derive mainly 
from octopus and cuttlefish. Therefore, it is of great interest to learn more about these 
animals, and particularly, more about their cardiovascular system. 
The three main objectives of this study ofthe cardiac system in squid were: 
Objective 1: To describe the innervation of the cardiac tissues in squid, as outlined m 
Chapter 2. This was performed by the use of standard histological staining techniques and 
electron microscopy. 
Objective 2: To investigate the pharmacological regulation of the branchial heart in squid, 
by perfusing an isolated heart with different putative transmitter substances and study their 
effects on cardiac contractions, as described in Chapter 3. 
Objective 3: To study the electrophysiology of the squid cardiac tissue, i.e., to examine 
the cardiac action potential and identify the ionic currents underlying this electrical signal 
in single myOC)1es, using standard intracellular recording method and whole cell patch 
clamp teclmique, respectively. This is described in Chapter 4. 
Further, cephalopods are receiving increasing attention as animal models for biomedical 
research (O'Dor et al., 1990). Thus, an additional objective of the research was to develop 
the cephalopod hem1 as a model to aid understanding of various processes involved in 
cardiac activity and its regulation. 
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Animals 
The animals used in the experiments described in this thesis were specimens of squid 
Loligo vulgaris, L. forbesii and Alloteuthis subulata (Fig. 1.7). The animals were caught 
locally in the waters around Plymouth; Loligos were captured during October to March and 
Alloteuthis from April to September. They were maintained in aerated laboratory holding 
tanks for a few days, where they were fed with small crustaceans and fish, unti I required for 
experiment. 
In this study, no major differences were seen between the three squid species, and the 
described results are valid for all three species, unless otherwise stated. 
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Figure 1.7. Photo ofthe squid A) Loligo sp. and B) AlloteuthJs subulata. 
Cfuaptefi 2 MORPM:OLOGY 
2.1 Introduction 
2.1.1 Innervation of the hearts in octopods 
In cephalopods, paired visceral nerves innervate the visceral organs, including the hearts, 
and provide a pattern of innervation that is broadly bilaterally symmetrical. Figure 2.1 
shows the distribution of the visceral nerves in octo pods (Pfefferkorn, 191 5) and details of 
the cardiac innervation of Eledone cirrhosa are presented in Figure 2.2 (Smith & Boyle, 
1983). The paired visceral nerves of octopods pass into a fusiform ganglion situated on the 
ventral surface of the renal sacs, within the perivisceral membrane. In each fusiform 
ganglion, an outer rind of nerve cells surrounds a central neuropil. The majority of the 
nerve fibres in the visceral nerve pass through the fusiform ganglion uninterrupted, and only 
a small proportion deviate into the neuropil. Nerves branch off near, or from, the fusiform 
ganglion, to innervate the auricles, ventricle and lateral vena cava, as well as other visceral 
organs. The lateral vena cava is also innervated by fine branches from the ventricular nerve; 
this might be important for co-ordinating the rhythmic pulsations in the vena cava with 
those of the ventricle. The ventricular nerve of Octopus vulgaris (Young, 1967) contains 
'medium-sized' fibres up to 6pm in diameter, as well as many smaller ones. 
In octopods, the right and left ventricular nerves are linked in a commissure near the 
anterior aorta on the surface of the ventricle (Fig. 2.2). Each visceral nerve then turns 
dorsolaterally and enters the cardiac ganglion, located on the ventral surface of the branchial 
hearts partly overlying the pallial vein The main bundle of nerve fibres from the brain that 
proceeds to this ganglion bypasses the fusiform ganglia. From each cardiac ganglion, 
branches of fine nerves supply the branchial heart, efferent branchial vessel, lateral vena 
cava and other neighbouring organs. 
The cardiac ganglion has, as well as the normal ganglionic structure with nerve cell bodies 
surrounding a central neuropil, an internal pulsatile sac, described by Alexandrowicz (1963). 
This sac receives innervation from the cardiac ganglion and has its own blood supply. 
Muscle fibres in the matrix of the sac cause it to contract rhythmically with the same 
frequency as the branchial heart, although each beat slightly precedes the contraction of the 
hearts (Young, 1967; Smith & Boyle, 1983). This pulsating body has been found in 
octopods but not in decapods. 
The main nerve trunk from the cardiac ganglion, the branchial connective, runs over the 
ventral surface of the branchial heart towards the gill where it enters the branchial ganglia. 
The trunks from these ganglia run on the afferent branchial vessels, along the length of each 
gill. Each ganglionic trunk is composed of a series of swellings due to a concentration of 
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n.bran. 
Figure 2.1. The distribution of the visceral nerves in octopods. [From Yowtg ( 1971 a)]. 
Artery branchialis (art.bran.), ganglion cardiacum (gan.card.), ganglion fusifonnis (gan.fus), 
nervus branchialis (n.bran.), nervus cardiacum atrium (n.card.a.) nervus visceralis (n.visc.), 
renal appendages (ren.app.), vena cava (vc) and ventricle (ventr.). 
cardiac ganglion 
auricle 
renal appendages 
,, .. 
Figure 2.2. A detailed picture of the cardiac innervation of Eledone cirrhosa. 
[From Smith & Boy le ( 1983)]. 
commissure 
nerve cells located at the base of each lamellar pair. The individual swellings give rise to 
branches that run into the finest terminal divisions of the gills. In several specimens of 
Eledone cirrhosa (Smith & Boyle, 1983), another small ganglion was observed, the 
auricular ganglion, located on the ventricular nerve; however, there was considerable 
individual variation in both its occurrence and relative position (Fig. 2.2). 
The main nerve supply to the auricle is from the auricular nerve, with fine nerve bundles 
from the fusiform ganglion. The inner layer of the auricle is innervated extensively with 
nerve fibres running close to the lumen The fibres tend to run relatively straight, whereas 
those in the outer muscle layer interlace in a complex manner, and in some cases appear to 
twist around the muscle fibres. Smith & Boyle ( 1983) found this extensive innervation 
surprising in view of the supposed lack of contractility of the auricles, as they do not 
contribute to the active propulsion ofthe blood (Johansen & Martin, 1962). Smith (198lb) 
suggested that the auricle might be under a tonic control by the nervous system, thereby 
setting the diameter of the organ and in turn regulating the blood flow to the ventricle; this 
would be an important factor in the ventricular volume output. 
The octopod ventricle is moderately, and uniformly, innervated by the ventricular nerve, 
with small nerve bundles and single fibres penetrating into the muscle layers, as well as 
occasional large nerve bundles that spreads out along the surface (Smith & Boy le, 1983 ). 
This innervation of the octopod ventricle is difrerent from that of decapods as described in 
Section 2.1.3. 
The outer muscle layer of the octopod branchial heart is innervated from the cardiac 
ganglion (Smith & Boyle, 1983), whereas no nerve fibres were seen to run among the 
loosely packed cells in the lumen. 
2.1.2 Innervation of the hearts in decapods 
The hearts of the decapods are also innervated from the palliovisceral lobe in the brain via 
the visceral nerves, but there are a number of differences from the cardiac innervation of 
octopods 
Cuttlefish 
Figure 2. 3 shows the innervation of the hearts in Sepia officina/is (Alexandrowicz, 1960). 
The paired visceral nerves are connected via a commissure, from which the cardiac nerve 
arises, innervating the ventricle. The fibres of the cardiac nerve derive partly from the 
central nervous system via the visceral nerves and partly from the cardiac ganglion [Fig. 2.4, 
(Alexandrowicz, 1960)]. There are also fibres running between the CNS and the cardiac 
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Figure 2.3. Innervation of the hearts in Sepia officina/is. [From Alexandrowicz ( 1960)]. 
Figure 2.4. Diagram showing the fibres from the central nervous system (a), and from the 
cardiac ganglion (b) forming the cardiac (ventricle) nerve. Fibres decussating in the 
commissure (c), and fibres presumably running from each cardiac ganglion towards that of 
opposite side (d). [From Alexandrowicz (1960)]. 
ganglion crossing over in the commissure, and fibres presumably running from one cardiac 
ganglion to the one on the other side. 
Alexandrowicz ( 1960) made transverse sections of the cardiac nerves and found that the 
total number of fibres was more than 800, and these varied in diameter from 2 to 15 ~1m. 
The cardiac nerve penetrates the ventricular myocardium as a compact cord and only 
branches in the inner loose trabecular muscle layer, from where fine processes reach all 
parts of the ventricle (Aiexandrowicz, 1960). This innervation differs from that in octo pods 
as described above, where the nerve spreads its thicker branches out over the ventricle 
surface, with only fine nerves penetrating the myocardium and to the inner surface 
(Aiexandrowicz, 1960; Smith & Boyle, 1983) It has also been shown that the nerves 
innervating the ventricle of decapods do not communicate with those of the auricle or vice 
versa. 
The main visceral nerves continue to the paired cardiac ganglia situated at the base of the 
gills, dorsal to the afferent and efferent branchial vessels. Each cardiac ganglion in 
decapods is thought to include elements that probably formed the separate fusiform ganglia 
in the octopods (Wells, 1980). In the decapod ganglion, the nerve cells vary in size from 15 
to 120 ~1111 (Aiexandrowicz, 1960). This ganglion gives rise to several nerves of various 
thickness that run to the auricle, branchial heart, the muscles of the gills, gill afferent and 
efferent vessels, and other neighbouring organs. The nerve to the auricle gives off branches 
to its ventral and dorsal sides. These branches spread out in all directions, subdividing to 
the muscle bundles, and provide an extremely rich innervation in the wall of the auricle, 
especially considering the thinness of the wall. The nerves innervating the auricle appear to 
originate from the cardiac ganglion itself, as well as from the CNS via the visceral nerves. 
The auricular innervation differs between the decapods and octopods; in the latter, the 
nerves innervating the auricle arise from the fusiform ganglia (as described above) (Smith & 
Boyle, 1983), rather than from the cardiac ganglion. 
Nerve cell bodies were found in the decapod auricle wall, most of them situated in the 
vicinity of the entrance to the efferent branchial vessel (Aiexandrowicz, 1960). Their axons 
seem to spread out with the other fibres in the muscles of the auricle. In octopods, the 
equivalent of these cells have possible been incorporated into the fusiform ganglia (Smith & 
Boyle, 1983) 
The nerves to the branchial heart in decapods contain fibres from both the visceral nerves 
and the cardiac ganglion. These nerves form a plexus in the periphery of the heart. The 
branches deriving from this plexus penetrate the wall throughout its entire thickness, 
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following the network of the muscle fibres and providing a rich innervation of the muscular 
tissue (Aiexandrowicz, 1960). 
Squid 
The innervation of the squid hearts is not well known. In studies by Car! son ( 1905a) of 
Loligo pealei (Fig 2.5) and Ommastrephes il/ecebrosa and by Williams (1909) of 
L. vulgaris a commissure was described between the visceral nerves, as in Sepia officina/is, 
but only 0. il/ecebrosa had a nerve arising !Tom this to innervate the ventricle. The 
innervation of the ventricle was unclear in both Loligo species. In all of these squid species, 
the visceral nerve continues to a branchial ganglion situated at the base of the gills, similar 
to the cardiac ganglion described in S. officina/is. This was the only ganglion found in 0. 
il/ecebro.m, whereas L. pea/ei seemed to possess two additional ganglia (Carlson, 1905a). 
These much smaller ganglia were located on a branch of the visceral nerve given off just 
before the branchial ganglion; the 'gill heart ganglion' on the gill heart, near the junction 
with the aiTerent branchial vessel, and the auricular ganglion on the surface of the auricle 
(Carlson, 1905a) The nerves to the auricles and branchial hearts are reported to arise from 
respective ganglion in L. pea/ei. · The gill hearts and auricles of 0. il/ecebrosa are 
innervated from a branch given off before the branchial ganglion, in a similar arrangement to 
Loligo, although no additional ganglia were observed at this point by Car! son ( 1905a). 
2.1.3 Aims of this study 
Previous studies have detailed described the cardiac innervation of octopods and cuttlefish, 
but surprisingly very little is known about squid. Squid are the most active of all 
cephalopods and it is therefore of considerable interest to compare the innervation of this 
group with that of the octopods and cuttlefish, and also with other molluscs. 
The aim of this morphological investigation, was to describe the innervation of the cardiac 
tissues in squid, with a particular interest in the branchial hearts. 
2.2 Material and Methods 
2.2.1 Nerve staining and tracing 
In the initial investigation to identify the nerves innervating the hearts (the visceral nerves), 
the animals were decapitated close to the brain. The transverse section of the 'neck part' 
was studied and the visceral nerve was identified, together with the pallial nerves, 
oesophagus and dorsal aorta, all embedded in the digestive organ, as shown in Figure 2.6. 
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Figure 2.5. Diagram of the visceral nerves in Loligopea/ei [From Carlson (1905a)]. 
Auricle (AU), branchial ganglion (BG), gill ventricle (GV), left visceral nerve (L VN), pallial 
nerve (PN), pallio-(pleuro-) visceral ganglion (PVG), posterior sinus (PS), right visceral 
nerve (RVN), systemic ventricle (SV), visceral commissure (VC). 1) commissure between 
the visceral nerves ventral to the vena cava; 2) nerve to the viscera-pericardial envelop; 
3) nerves to rectum and duct of the ink gland; 4) nerves to ink gland; 5) nerve to penis; 
6) cardiac nerve; 7) auricular nerves; 8) nerves to adductor muscles on the gills; 9) ganglia 
on the gill ventricles; 10) ganglia on auricles; 11) nerves to vena cava. 
dorsal 
pallial nerves 
oesophagus 
'funnel retractor muscle 
funnel 
ventral 
Figure 2.6. A transverse section through the anterior mantle region of a squid, showing 
the visceral nerve together with the pallial nerves, oesophagus and dorsal aorta embedded 
in the digestive organ. The vertical line in the top figure of squid indicates the position of 
the section. 
Standard histological techniques of nerve staining, such as the traditional dye methylene 
blue (Alexandrowicz, 1960) and more modern methods, including backfilling of nerves with 
cobalt chloride, Lucifer yellow and the lipophillic dye, Dil, were used. The visceral nerves 
were identified, and the dyes were applied, to follow the nerves through the viscera, as 
described below: 
Methylene blue (Sigma): Methylene blue was made up in distilled water as a very dark 
blue stock solution (the concentration is not critical). Alexandrowicz ( 1960) suggested 
0.5% methylene blue), from which about I 0 drops were taken to dilute into I Oml sea water. 
This fairly dark blue coloured solution was then applied directly to a piece of visceral nerves 
that were cleared from any attached membranes, as these hindered the access of the dye to 
the nerve. Normally, the dye was left in place for only a few minutes before being washed 
ofl~ as even a faint stain was enough to outline the contours of the nerves. Methylene blue 
was used mainly during the dissection of the visceral nerves to follow them through the 
viscera of the animal. 
DiOerent dyes, such as Lucifer yellow, cobaltous chloride and Oil were used for detailed 
tracing of the nerve branches innervating the hearts. Lucifer yellow (Sigma) and cobaltous 
chloride (Sigrna) were both used in liquid form, therefore, a long piece of nerve was needed 
for the backfilling of the nerve. A vaseline well was made and the cut nerve end was pinned 
down with its end in the middle of the well. The well was filled with one of the two liquid 
dyes. The disadvantages of using these dyes on the squid preparations were that: i) a long 
piece of nerve was needed, which was difficult to obtain close to the hearts and ii) the dyes 
did not seem to travel very far in these preparations. Successful results, however, were 
obtained with Oil. 
Oil [ octadecyl-indo-carbocyanine, Molecular Probes (Honig & Hume, 1989)]: A small 
crystal of this fluorescent dye was placed carefully on the cut end of a nerve that had been 
sectioned with a sharp pair of scissors or a scalpel blade and briefly dabbed dry. The 
preparation was covered in 2.5% paraformaldehyde, dissolved in O.IM sodium phosphate 
buffer (pH 7.4) (Giauert, 1975), and stored in the dark for periods ranging from a few days 
up to about a month to let the lipophillic dye dissolve and diffuse into the nerve membranes. 
The preparation was viewed by fluorescence microscopy with a Nikon microscope (UFX-
II), where Dil was excited by green light (>51 Onm) and fluoresced bright red-orange when 
the preparation was illuminated with a I 00 watt mercury vapour lamp. To facilitate tracing 
the nerves on the surface of the hearts, and within the heart itself, the heart preparations 
were cleared with methyl salicylate (Sigma) or meglumine iothalamate [Conray 280, 
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Mallinckrodt Inc. (Zill et al., I993)]. The former chemical was found to be very unsuitable 
as it dissolved the dye. The latter chemical, which was an aqueous clearing agent, partly 
cleared the tissue, but the heart was too thick for clearing to occur all the way through and 
it was, therefore, difficult to follow the nerve branches within the heart. 
2.2.2 Silver staining 
To study the nerve fibres within the hearts, the silverstaining method of Winkelmann & 
Schmitt (I9S7) was employed for its simplicity (Bone, 1972). Gill hearts of Alloteuthis 
subu/ata were dissected out and fixed in I 0% formalin in distilled water. Silver staining 
took place over a number of steps. The hearts were passed through three changes of 
distilled water over I h, to remove all excess fixative. The hearts were then placed in a 20% 
silver nitrate solution in a glass vial for 20 mins at room temperature in the dark. The hearts 
were next rinsed in three changes of distilled water over S to I 0 ruins, before being placed in 
a petri dish with reducer containing 0.2% hydroquinone in I% sodium sulphite (0.2g 
hydroquinone and I g sodium sulphite in I OOml distilled water) for about S m ins at 4S 0 C. 
The hearts were then cut into SO to I 00 ~tm sections, in distilled water, and toned in 0.1% 
gold chloride for 2 mins in the dark. The sections were fixed in S% sodium thiosulphate for 
I 0 mins, followed by washes in tap water over I h. The heart sections were dehydrated in 
increasing concentrations of alcohol (70/90/9S/ I 00% ), cleared in methyl salicylate for I h, 
and mounted on glass slides with Histomount. All chemicals were obtained from Sigma. 
2.2.3 Electron microscopy 
Fixation protocol 
After decapitation, animals were opened from the ventral side and pieces of nerve tissue 
were removed from difl'erent parts of the visceral nerves, as seen in Figure 2. 19; single 
ventricle nerve (I), branchial heart nerve (2), and cardiac ganglion (3). The nerves were 
processed using the fixation protocol of Cloney & Florey ( 1968). The nerve pieces, fixed in 
2.S% glutaraldehyde made up in a 0.2M phosphate buffer (Glauert, !97S) and 0.14M 
sodium chloride (NaCI) for 1-2 h, were rinsed in 0.2M phosphate buffer containing 0.3M 
NaCI for I h on a rotator at room temperature. Post fixation was carried out using a 
solution of I% osmium tetraoxide in 1.2S% sodium hydrogen carbonate for 4S ruins. This 
was followed by dehydration of the nerve tissues for periods of I h in increasing grades of 
acetone (30/S0/7S/90/I 00%), with a few changes in each. The nerve pieces were placed 
into a mixture (SO/SO) of absolute acetone and Spurr's resin (T AAB laboratories) on a 
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rotator, for 30 mins, followed by 30 mins in pure resin. The individual nerve pieces were 
embedded overnight in freshly made up Spurr's resin. 
Section cutting 
Sections of visceral nerves were cut perpendicular (transverse section) to the length of the 
nerve using a glass knife [manually made from Ultramicrotome glass (16inch x Iinch x 
6mm) (TAAB), using a knifemaker (LKB, Type 7801A)] on a microtome (Reichert-Jung 
Ultracut). The quality of the fixation of each nerve piece was examined by light 
microscopy (LM), cutting I Jlm semi-thin sections stained with toluidine blue. Ultra-thin 
sections (90nm) of the nerve were cut, floated onto distilled water and picked up onto 
copper grids coated with 0.5% formvar. Sections were stained in a saturated aqueous 
solution of uranyl acetate for 40 m ins, followed by lead citrate (Reynolds, 1963) for I 0 
mins, before being examined on a Phillips EM 300 electron microscope operated at 60 KV. 
Micrographs were taken at both low and high magnification to cover the whole of the nerve 
section. 
Analysis 
The size and number of fibres within a nerve were estimated as follows: 
I. All large fibres, i.e. those with a diameter >l-2pm, were 
counted in a transverse section of the respective nerve 
(ventricle nerve and branchial heart nerve). The cross-
sectional areas of these axons were added together (=Arealargc)-
This value was subtracted from the total cross-sectional area of 
the whole nerve to obtain the area of the nerve containing 
small axons (~area=Area10~aJ-Arealargc). 
2. A representati\'e axon bundle from the transverse section of 
the appropriate nerve (ventricle nerve and branchial heart 
nerve) was chosen. All smaller fibres (diameter <l~tm) were 
measured and counted within this bundle. Then, the area of the 
bundle was calculated (AreabundJe). 
3. The total small axon area (~area, obtained m I), divided by the area of the 
representative axon bundle (Areabundle, obtained m 2), give a number n (n=~area 
/Areabundlc). This number was used in the extrapolation of the total number of smaller 
axons in the whole nerve, by multiplying it by the number of axons in the bundle. The 
number of large sized axons was added to this to obtain the total number of axons in the 
nerve. 
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2.2.4 A critique of the Methodology 
Nerve staining 
Lucifer yellow and cobalt chloride are very popular and widely used as intracellular 
markers for identifying neurons. However, in this study, staining with Dil seemed to be the 
most successful method to trace the nerves innervating the cardiac tissue of squid. One 
disadvantage with this crystalline dye, was the presicion of placing the crystal on the cut 
end, as spilled crystals spread out in the tissue and made it more difficult to follow the 
actual nerve. 
Silverstaining 
Several different techniques for silverstaining have been employed on cephalopod cardiac 
tissue [Sepia officina/is: Schultze's modification ofCajal's method (Alexandrowicz, 1960); 
Octopus vulgaris: Stephens' modification of Cajal's method (Young, 1971 ); S. officina/is: 
Bodian·s silver impregnation (Aiexandrowicz. 1960; Schipp er al., 1986)]. In this study, a 
technique developed by Winkelmann & Schmitt ( 1957) was chosen, as recommended by 
Dr. Q. Bone of the MBA. This technique is relatively simple, has a short preparation time, 
and has previously been used with success on squid skin (Reed, 1995). 
Consistent silver staining of nerves was not achieved, even when using identical protocols; 
this however. is not uncommon with this type of staining. In successful preparations, the 
nerves stained as black clear, solid lines. They could easily be located against the much 
I ighter muscle bundles with which they \Ye re associated. 
Electron microscopy 
In the present study, the successful demonstration of the ultrastructure of the squid heart 
innervation depended on a number of factors: these included correct fixation and post-
fixation treatment. 
Grids with meshes were initially used to collect the ultra-thin sections, but very often the 
grid bars occluded parts of the nerves, making it difficult to observe the whole nerve cross 
section. Slot grids were therefore used; initially these were coated with carbon, but the 
carbon film did not withstand the physiological and mechanical shock produced when 
inserted into the electron microscope. Instead, formvar-coated slot grids were found to be 
more practical. 
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2.3 Results 
2.3.1 Nerve tracing 
The following description applies to all three squid species investigated in this study. The 
single systemic heart, and paired branchial (gill) hearts, are innervated by branches of the 
right and left visceral nerves. These visceral nerves also innervate many of the other organs 
within the mantle cavity and originate as a single, median nerve from the palliovisceral lobe 
of the suboesophageal part of the brain. Figure 2. 7 shows a summary schematic diagram of 
the results obtained by tracing the visceral nerves in squid and its branches to various 
organs. Using unstained material, the median visceral nerve was followed from the brain, 
posteriorly, through the digestive organ and onto its ventral surface, where the single nerve 
divides into a right and left visceral nerve (Fig. 2.8). Although, with a practised eye it was 
possible to follow the nerves further posteriorly in unstained A 1/o/eulhis material that was 
strongly illuminated from below, it was necessary to use methylene blue staining in the 
thicker, more muscular two Loligo species. This showed that the nerves continued 
posteriorly, one on each side of the anterior vena cava (Fig. 2.9), and gave off branches to 
the funnel retractor muscle, mantle musculature, ink sac and rectum. Just dorsal to the 
posterior part of the ink sac, the two visceral nerves were seen to be re-connected by a 
short commissure (Fig. 2.1 0). From here the main nerves took a more lateral direction, 
running towards the branchial hearts (Fig. 2.11 ). Before reaching the hearts, the nerves 
pass dorsal of the auricles, to a cardiac ganglion situated at the base of each gill, lying close 
to the valve region at the afterent branchial vessel (Fig. 2.12). By introducing a nuorescent 
dye (Dil) into the nerve, it was possible to trace the finer nerve branches and establish that a 
few branches were given oft· just before the ganglion, and that other nerves came from 
within the ganglion. Figure 2.13 shows a representative preparation where a branch that 
leaves the main visceral nerve just before the nerve enters the cardiac ganglion, was stained 
with Dil. It can be seen that this branch quickly divided into several finer nerves: one small 
branch (A) runs towards the gill heart, but before it reaches it, many finer fibres are given 
off to the muscular valve region of the afferent gill vessel. Another branch (B) turns off 
towards the systemic heart auricle and spreads over its surface; presumably innervating this 
organ. A third branch (C) runs along the surface of the efferent gill vessel and most likely 
innervates this blood vessel. These very fine branches were impossible to study without 
staining, whereas the branch to the gill heart could be located even in unstained material. 
By cutting the single nerve that runs towards the gill heart and staining it with Dil, it was 
possible to show that the nerve branches out across the surface of the gill heart (Fig. 2.14) 
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Figure 2.7. Schematic diagram of the visceral nerves in squid and its branches to various 
visceral organs. Dorsal view. Not to scale. 
Figure 2.8. The visceral nerve crosses through the digestive organ onto its ventral surface, 
where it divides into two nerves (arrowheads). Digestive organ (DO). Scale bar = I mm. 
-
VC 
-
Figure 2.9. The paired visceral nerve (arrowheads) run on each side of the anterior vena 
cava (VC). Ink sac (IS) pulled towards one side, digestive organ (DO). Methylene blue. 
Scale bar = 4mm. 
Figure 2.1 0. A commissure (C) connects the two visceral nerves (VN). Dil staining. 
Scale bar = 1 mm. Loligo sp. 
Figure 2.11. The visceral nerve (arrowheads) run past the ink sac (IS), which is here 
slightly pulled towards one side, and towards the gill heart (GH). Lateral vena cava (L VC), 
efferent gill vessel (EF), gill (G). Scale bar= lnun. Alloteuthis subulata. 
;y 
ventricle visceral nerve 
Figure 2.12. Diagram showing the position of the cardiac ganglion in relation to the gill 
heart and gill. Not to scale. Dorsal view. 
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Figure 2.13. Schematic diagram and photo showing a branch coming off just before the 
cardiac ganglion. This nerve seems to send branches to the gill heart (A), auricle (B) and 
efferent gill vessel (C). Note the fine fibers (arrows) given off :from the gill heart branch to 
the muscular valve region between the gill heart and gill blood vessel. Dii staining. 
Scale bar = 0.5mm. 
to form a wide area of innervation. To locate the origin of the fibres in this nerve a small 
crystal of the Dil stain was placed on the central end of the cut nerve and the fibres traced 
back towards the cardiac ganglion and main visceral nerve. It was found that the majority 
of fibres in this nerve come from the cardiac ganglion with only a few fibres coming from, 
or going to, the central part of the visceral nerve (Fig. 2.15). It seems likely therefore, that 
much of the direct innervation of the branchial heart comes from the cardiac ganglion, 
possibly from neurones whose there cell bodies lie in the ganglion. It also seems likely that 
these neurones receive an input from the brain via the visceral nerves. A dye backfill of the 
visceral nerve from the distal side of the cardiac ganglion (Figure 2.16) stains the whole 
ganglion, as well as the proximal visceral nerve and part of the nerve branch to the branchial 
heart. This seems to confirm that most of the fibres from the visceral nerve pass into, and 
possible through, the cardiac ganglion towards the gill, perhaps making connections within 
the ganglion, and not, as could have been the case, forming a distinct population that turns 
on· before the cardiac ganglion to innervate the branchial heart. The small population of 
fibres in the main visceral nerve that were stained by a backfill of the branchial heart nerve 
(Fig. 2. IS) could be: (i) visceral nerve fibres that innervate the heart directly from the brain, 
(ii) branches of visceral nerve fibres that innervate the heart directly but also pass into the 
cardiac ganglion, or (iii) afferent fibres that pass from the heart towards the brain. 
After leaving the cardiac ganglion, the visceral nerve continues distally along the gill, 
embedded between the afferent gill vessel and the gill muscle, where numerous fine nerves 
are given ofT, presumably to innervate the gill tissue (Fig. 2.12). This was not investigated 
further. 
In an attempt to obtain further information on the innervation pattern of the branchial heart, 
the silver staining technique was used to display the axons within the heart muscle tissue. As 
usual, this technique produced very variable staining but clearly showed that the nerves 
penetrate deep into the muscle tissue and are not restricted either to a small area of the heart 
or to the surface. Stained nerve fibres were observed running along the muscle bundles 
within the heart (Fig. 2.17) and seemed to be in close contact with the muscle fibres, but not 
closely associated with the numerous packing cells. 
The innervation of the systemic heart is much more straight forward and consists of a single 
nerve, made up from fibres that branch off from each of the right and left visceral nerves at 
a point close to the commissure (Fig. 2. 7). The branches from the right and left visceral 
nerves run along ventral surface of the posterior digestive organ, and then merge to form 
the combined nerve that then follows the oesophagus towards the ventricle. The nerve 
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Figure 2.14. Schematic diagram and photo showing the main nerve branch from the 
\isceral nerve innervating the gill heart. The nerve branches out over the surface of the 
heart. Dil staining. Scale bar = 0. 5mm 
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Figure 2.15. Photo and schematic diagram illustrating backfilling of the gill heart nerve 
branch with Dil. Tills shows that the main part of this branch comes from the ganglion 
(arrowheads), whereas only a small part (arrows) turns off into the visceral nerve (VN). 
Cardiac ganglion (CG). * = crystal dye. Preparation displayed in A) ordinary light and B) 
under green light (A>510nm). Scale bar= lmm. 
gill heart nerve 
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Figure 2.16. Photo and schematic diagram illustrating backfilling of the ganglion from the 
gill side with DR showing the whole cardiac ganglion (CG) dyed as well as the visceral 
nerve, and the gill heart branch (arrows). *=crystal dye. Scale bar= lmm 
Figure 2.17. Parts of the gill heart wall stained by silverstaining (Winkelmann & Schmitt, 
1957), showing the nerve fibres running in close contact with the muscle bundles (MB). 
Packing cells (PC). Scale bar= O.lmm. 
ventricle nerve 
Figure 2.18. The main nerve to the ventricle (V eN), entering the heart close to the gonadaJ 
aorta (GA). Ventricle (V). Dil staining. Scale bar = 0.5mm. 
reaches the concave face of the heart and enters the muscle close to the origin of the 
gonadal aorta (Fig. 2.18). No further studies were made to investigate the distribution of 
fibres within this myocardium. 
2.3.2 Light and electron microscopy studies of the innervation 
In order to investigate the numbers and sizes of fibres innervating the cardiac systems in 
squid, the nerves to the systemic and branchial hearts were studied in histological sections 
(Fig. 2. 19). Both nerves were found to be made up of many discrete bundles of fibres, each 
consisting of a few large fibres or many small fibres. The axons within the nerves had the 
typical ultrastructure of nerve cells with microtubuli, neurofilaments, mitochondria and 
vesicles (Fig. 2.20). In some parts of the nerve cross-sections, a large single nerve fibre 
could be seen enveloped by a single glial (Schwann) cell, whereas in other parts, groups of 
smaller sized fibres or several separate fibres were surrounded by a glial cell (Fig. 2.21 ). 
The individual bundles of axons were separated from each other within the nerve by 
collagen (Fig 2.22). 
Both the ventricle and branchial heart nerves consisted of fibres that ranged in cross-
sectional diameter from I O~Lm down to less than I ~Lm. The vast majority of the fibres in 
both nerves was less than 2~Lm in diameter (Table 2.1 ). No regular pattern of distribution of 
large and small axons within nerves was observed. From a detailed count of axons in one 
ventricular nerve, taken from a point just after it left the main visceral nerve, but before it 
merged with its counterpart from the opposite side, it was found that it contained almost 
8000 fibres (on the basis of the method of estimation used in this study); this would give a 
total number of fibres innervating the ventricle of approximately 16000, assuming that there 
is an equal contribution of fibres from the right and left visceral nerves. Figure 2.23 shows 
a transverse section of the ventricle nerve (A) and a close-up of the middle region, showing 
numerous, very fine fibres (B). 
Histological cross sections of the branchial heart nerve showed that it comprised several 
nerves; for example in Fig. 2.19, three separate branches can be seen, all of which appeared 
to innervate the gill heart. The two larger nerves contain many medium sized fibres, 
distributed across the whole section. When studying the nerve in higher magnification, a 
large number of axons <I~un were identified amongst the large axons (Fig. 2.24). The 
smaller nerves, however, consisted only of small fibres (Fig. 2.25A,B). The estimated 
number of fibres within these three branchial heart nerves is -I 0500, -8500 and -4000 
respectively for the three parts of the nerve, giving a total of -23000 fibres (Table 2.1) 
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Figure 2.19. Semi-thin sections cut from three different parts of the visceral nerves; 
ventricle nerve (1), branchial heart nerve (2) and cardiac ganglion (3). Scale bar (1) = 
50!lfil; Scale bar (2, 3) = lOO!lfil. 
(Arrow indicating smallest nerve in gill heart nerve. See Fig. 2.25). 
Figure 2.20. Transverse section of the visceral nerve showing an area of small axons. 
umerous mitochondria (M) and microtubuli (arrowheads) are also visible. 
Scale bar = 2pm. 
Figure 2.21. Single large nerve fibres (arrowheads) and groups of several fibres (arrow) 
surrounded by one glial cell. Scale bar = S ~tm . 
Figure 2.22. Collagen (C) separates nerve bundles or large nerve fibres. Glial cell (GC). 
Scale bar = 1 ~un. 
A 
B 
Figure 2.23. A) Micrograph showing a transverse section of the single ventricle nerve. 
Scale bar = 25 j..lm. B) Enlargement of the mjddle region of the ventricle nerve with lots of 
finer fibres. Scale bar = 4~Lm. (The short black lines in A are precipitate from the staining). 
Figure 2.24. Micrograph of the branchial heart nerve, showing a mixture of smaller sized 
nerve fibres (arrowheads) distributed among the larger fibres (arrows). Scale bar = S ~tm . 
A 
B 
Figure 2.25. Micrograph of the smallest of the nerves in the gill heart branch (indicated 
with an arrow in Fig. 2.19). A) Showing the whole of the smallest nerve. Scale bar = 
20~Lm . B) A close-up illustrating lots of very fine nerve fibres. Scale bar = 2~tm . 
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Histograms of the size distributions of axons in both the ventricle and gill heart nerves show 
that they are heavily skewed towards the small fibres (Fig.2.25C) . 
Table 2.1. Table of size distribution of nerve fibres in the ventricle and gill (branchial) heart 
nerve 
Ventricle nerve branchial heart nerves 
"small" "oblong" 11round 11 total 
diameter ( Jim) number of axons 
<I 6216 3483 8738 7740 19961 
I to 2 1578 258 1542 774 2574 
2 to 3 78 6 257 0 263 
3 to 4 31 7 6 8 21 
4 to 5 19 3 12 11 26 
5 to 6 21 3 7 40 50 
6 to 7 6 4 19 24 47 
7 to 8 7 2 7 26 35 
8 to 9 0 l 16 16 33 
9 to 10 ~ 2 18 4 24 .) 
10 to 15 0 0 13 3 16 
tot no ofaxons 7959 3769 10635 8646 23050 
approximate!)•: -16000 -4000 -10500 -8500 -23000 
Sections through the cardiac ganglion showed that it is organised in a typical molluscan 
manner, with an outer rind of nerve cells surrounding a central neuropil (Fig. 2.19). The 
ganglion cell somata vary in shape from round to oblong, although this may be a fixation or 
sectioning artefact, and reach up to 80~tm in diameter. Each cell contains a single nucleus 
(Fig. 2.26A) and many mitochondria throughout the cytoplasm (Fig. 2.268). The number 
of cells in the ganglion cannot be estimated as a complete series of sections through a 
ganglion was not attempted. 
The neuropil contains an enormous number of nerve endings and synapses, as well as fibres 
that may only be passing through. Nerves with a high concentration of vesicles were 
observed (Fig. 2.27). In this study, two different populations of vesicles were found in the 
neuropil of the ganglion; electron-lucent and electron-dense, suggesting at least two 
different types of transmitter substances. The dense-cored were found to be about 90nm in 
diameter, whereas the electron-lucent were smaller of about 40-SOnm. 
2.4 Discussion 
2.4.1 Innervation of the cardiac tissues 
This investigation has established that the trio of hearts of the squid Loligo vulgaris, L. 
forbesii and Alloleuthis subulata are innervated from the palliovisceral lobe of the brain 
through the paired visceral nerves. This pattern of innervation has been reported for other 
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Figure 2.25C. Histogram of the size distributions of axons in both the ventricle and gill 
heart nerves 
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Figure 2.26. A) Micrograph showing a nerve cell body of the cardiac ganglion, with an 
enlargement of the central region. Scale bar = lOjlm. B) Showing a high abundance of 
mitochondria (arrowheads) in the cytoplasm. Scale bar = 2~tm. Nucleus (Nu), 
nucleolus (n). 
Figure 2.27. Micrograph showing a part of the neuropil of the cardiac ganglion. 
Concentrations of synaptic vesicles were observed throughout the neuropil, thereby 
indicating a nerve terminals. Both electron dense (ED) and electron lucent (EL) vesicles 
were identified. Mitochondria (M). Scale bar = I f..liD. 
species of squid, L. pealei and Ommastrephes illecebrosa (Carlson, 1905), and also for the 
other groups of cephalopods [cuttlefish (Alexandrowicz, 1960); octopods (Smith & Boy le, 
1983)]. The basic outline of the cardiac innervation is similar in both the decapods and 
octopods, although there are some differences. In octopods, a fusiform ganglion has been 
described in addition to the cardiac ganglion. The auricle and ventricle of octopods are 
supplied with nerves arising rrom or near these ganglia. There is also a commissure joining 
the two sides at this level. In decapods, the fusiform ganglion is missing. The ventricle in 
these animals is, instead, supplied by a nerve branching off from or close to the commissure 
[Sepia officina/is (Alexandrowicz, 1960); squid (this study)]. The decapod auricle is 
innervated from a branch emanating from the cardiac ganglion. In decapods, these ganglia 
appear to include elements that become separated into the fusiforms in the octopods (Wells, 
1980). 
In all cephalopods, the branchial heart is innervated from the cardiac ganglion. The cardiac 
ganglia are present in both the octopods and decapods, but a pulsating intraganglionic body 
has only been identified in octopods (Aiexandrowicz, 1963) It contracts with the same 
rhythm as the gill hearts (Smith & Boyle, 1983). A neurosecretory function was originally 
postulated by Alexandrowicz ( 1963 ), but this has not been confirmed. It has been 
suggested, however, that the cardiac ganglion is a likely site of the main cardiac pacemaker 
on each side, as the gill heart beat becomes very disorganised when the ganglion is removed 
(Wells, 1980) l'vlore recent observations have postulated the existence of a pacemaker area 
in the auricle-ventricle region, as found in other molluscs (Jones, 1983). 
Carlson ( 1905a) described three sets of ganglia in Loligo pealei. The first was situated at 
the base of the gill, and corresponds with the cardiac ganglion outlined in this study. 
However, a second, much smaller ganglion, was situated on the gill heart, on a branch that 
was given off before the visceral nerve reached the cardiac ganglion, near the junction of the 
heart with the atTerent branchial vessel (Fig. 2.5 of Carlson, 1905a). From this ganglion a 
small nerve passed onto the dorsal surface of the auricle, where a third small ganglion was 
observed (Carlson, 1905a). These two additional ganglia were not seen in this 
investigation, nor in the study of much larger squid Ommastrephes i/lecebrosa (Carlson, 
1905a) 
Carlson ( 1905a) did not identify a specific ventricle nerve in Loligo pealei, but postulated 
that there could be one. However, he described such a nerve in Ommastrephes illecebrosa, 
for here the ventricle nerve originated from the commissure itself Therefore, a double 
supply of the ventricle was proposed with fibres entering the ventricle from both the 
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auricular side and from the commissure. This contradicts the study of Sepia officina/is 
where it was seen that the auricular fibres did not continue out into the ventricle 
(Alexandrowicz, 1960). 
In general, the molluscs are a very diverse phylum (Hill & Welsh, 1966) and show great 
variability in their nervous systems, ranging from the primitive arrangements in present day 
chitons to the complex mass of fused ganglia forming the brain of cephalopods; this latter 
being comparable in functional capacity with the brains of some lower vertebrates (Leake 
& Walker, 1980). Although other non-cephalopod molluscs have a simpler innervation 
pattern, the detailed anatomy varies considerably. For exan1ple, the three chambered 
bivalve heart is innervated from the cerebrovisceral connective on each side, so that the 
cardiac nerves enter the hem1 via each auricle (Jones, 1983). Gastropod hearts are mostly 
two chambered and the cardiac nerves run either through both the aortic and venous 
connections, which are the only points of attachments to the pericardium, or through the 
aortic connection only (Jones, 1983). It is thought that all regions of the molluscan heart 
are innervated, but in some species there is evidence that some areas are more innervated 
than others, such as the A V valve region in Dolabella auricularia (Kuwasawa, I 979), 
Helix pomatia and Lymnaea stagna/is (Cardot, 1971 ), perhaps indicating a pacemaker area. 
In this study of squid hearts, no specific distinctions in the anatomy of the cardiac 
innervation were observed that would correlate with differences in lifestyles of the various 
groups of cephalopods. The extensive innervation observed, however, may be necessary 
for the sophisticated control of the blood circulation in cephalopods, for all the organs 
driving the blood must pulsate in a definite sequence and this may be co-ordinated by the 
nervous system. However, the nerves are not necessary for the initiation or maintenance of 
the normal rhythm (Wells, 1980) for severance of the visceral nerves in Octopus vulgaris, 
thereby isolating the hearts from the CNS, did not affect the hearts, which continued to beat 
in a powerful, well co-ordinated manner. Similarly, removal of the fusiform ganglia which 
severed all nervous connections between the two gill hearts and deprived the systemic heart 
of its nerve supply, still permitted the three hearts continued to beat in a strong and 
regulated manner. After the removal, or disconnection, of a cardiac ganglion, the heart 
beat of the corresponding gill heart was disrupted (Wells, 1980). After removal of both 
cardiac ganglia, the systemic heart slowed down and the mean aortic pressure fell, but 
Wells (I 980) showed that the heart system could function, at least sufficiently well to keep 
a resting animal alive, in the absence of all the heart ganglia. 
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2.4.2 Electron microscopy 
From the microscopical studies it is clear that the axons in the heart nerves show the same 
ultrastructural features, such as microtubuli, neurofilament, mitochondria and vesicles, as 
have been found in other cephalopod nerves, e.g. the giant axons (Kling & Schipp, 1987a). 
The number of axons within each nerve was estimated to give an indication of the total 
innervation of the squid cardiac tissue. The estimation of the number of nerve fibres 
innervating the ventricle in squid is considerably higher ( -16000) than the 500 fibres 
calculated by Young ( 1967) for the analogous nerve in Octopus vulgaris or the 800 
proposed for Sepia officina/is by Alexandrowicz (1960). This difference may be explained 
by the differences in teclmiques, for the previous authors have relied on light microscopical 
methods, whereas the current study has used the much higher resolution of the electron 
microscope. Undoubtedly, the lower magnification studies using light microscopy did not 
permit the counting of the small-sized fibres (<2~tm, which is the size of the majority of the 
nerve fibres). These new numbers however, are very much higher than those normally 
associated with the innervation of invertebrate hem1s, where some crustacean hearts are 
innervated by only a few tens of fibres (Alexandrowicz, 1960), although in other molluscs, 
such as Busycon, this can rise to an estimated 1500 fibres (Kuwasawa & Hill, 1973). It 
does seem likely therefore, that cephalopods have an unusually high number of fibres in the 
cardiac nerves and that this will be related to a much more sophisticated control of the 
system. 
Two different populations of synaptic vesicles were observed in the neuropil of the squid 
cardiac ganglion: electron-dense and electron-lucent, these presumably being synaptic 
vesicles storing the transmitter substance before release, and thus indicating the presence of 
a synapse. The dense-cored vesicles were about 90nm, which is in the same size range (0 
80-150nm) as similar vesicles found in the gill hearts of Sepia officina/is (Schipp & 
Schtifer, 1969c; Fiedler & Schipp, 1991 ). These vesicles have been proposed to contain the 
catecholamine noradrenaline or adrenaline (Schipp & Schafer, 1969c). Further 
histochemical studies, which have shown positive staining for aminergic neurones in the 
cardiac ganglion of S. officina/is, support the presence of catecholamines in the vesicles 
(Fiedler & Schipp, 1991 ). In this study, the electron-lucent vesicles found in the squid 
cardiac ganglion had diameters of between 40 and 50nm, which is similar to those found in 
the branchial heart of S. officina/is (0 30-65nm) (Schipp & Schafer, 1969c). 
Pharmacological and cytochemical studies indicate that these vesicles might be associated 
with acetylcholine or the peptide FMRFamide (Schipp et al., 1986). As will be shown in 
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Chapter 3, there is evidence for both an inhibitory and excitatory innervation of the 
cephalopod hearts. 
2.4.3 Summary 
I . Histological staining techniques have established that the cardiac organs m squid are 
innervated from the pallioviscerallobe of the brain via the paired visceral nerves. 
2. The nerve innervating the ventricle of the systemic heart branches off the visceral nerves 
close to the commissure that interconnects the visceral nerves. The ventricle nerve 
consists of nerve fibres that range in diameter from I O~tm down to less than IJ.lm with 
the majority of the estimated 16 000 fibres being less than 2~tm. 
3. The branchial hearts are innervated from a branch of the visceral nerve that comes oft' 
just before the cardiac ganglion, situated at the base of the gills, with many of the 
innervating fibres coming from the cardiac ganglion itself. This nerve seems to spread 
out across the surface of the heart and provides numerous branches that penetrate the 
heart wall. Silver staining has shown that the nerve fibres within the heart, run in close 
contact with the muscle bundles. Ultrathin sections of the branchial heart nerve show 
that it is made up of several nerves branches that contain fibres ranging in diameter from 
IS~tm, down to less than I ~tm. The total number of fibres in this nerve is around 23 000, 
the majority of which are small. 
4. The auricle of the systemic heart is also innervated from this branch of the visceral nerve, 
with the fibres leaving the gill heart branch just after it separates from the main visceral 
nerve. 
5. Two different types of synaptic vesicles (electron-lucent and electron-dense) were 
observed in the neuropil of the cardiac ganglion. 
27 
Ohapter 3 PF-IARMA:OOLOGY 
3.1 Introduction 
There is morphological and physiological evidence that the myogenic automatism of the 
systemic heart and the gill hearts in cephalopods is regulated by nerve fibres originating in 
the palliovisceral lobe of the central nervous system (Alexandrowicz, 1960, 1963, 1964; 
Young, 1967; Schipp & Schiifer, 1969a; Wells, 1980; Smith & Boyle, 1983). The 
molluscan heart, like that of vertebrates, has a dual innervation with two antagonistically 
working transmitter systems (Krijgsman & Divaris, 1955; Hill & Welsh, 1966). 
Pharmacological and biochemical evidence show that the heart of Aplysia californica is 
excited by serotonergic nerves and inhibited by cholinergic nerves (Liebeswar et al., 1975), 
as also found in Lymnaea stagna/is (Buckett et al., 1990a). Neuropeptides have also been 
shown to be involved in the regulation ofthe molluscan heart (Wells, 1983b; Bucket! et al., 
1990a). 
Early studies in several cephalopods, using electrical stimulation of the visceral nerves, 
have shown that the systemic heart and the gill hearts receive inhibitory and excitatory 
impulses from the CNS, with the release of different types of transmitter substances 
[Octopus vulgaris (Ransom, 1883); Loligo sp., Ommastrephes sp., Octopus sp., Sepia sp. 
(Carlson, 1905b); Eledone moschata (Fry, 1909); Octopus vulgaris (Fredericq & Bacq, 
1939, 1940; Krijgsman & Divaris, 1953; Hill & Welsh, 1966)]. Although much is known 
about the cardiac regulation in octopods and cuttlefish, the same is not so for squid. 
3.1.1 Cholinergic innervation 
The neurotransmitter acetylcholine (ACh) has been found in nearly all animal species, 
including cephalopods. Histo- and cytochemical studies have revealed high concentrations 
of ACh, its synthesising enzyme (cholineacetyl transferase) and its hydrolysing enzyme 
[acetylcholinesterase (AChE)] in most parts of the nervous system of many cephalopods 
(Tansey 1979, Messenger, 1996). Loe and Florey (1966) identified ACh in the cardiac 
ganglia and AChE activity in the central heart and branchial hearts of Octopus dojleini. 
AChE activity has been localised in the axons of the cardiac nerves, cardiac ganglion as 
well as in nerve fibres and muscle cells of the systemic and branchial hearts of Sepia 
officina/is (Kiing, 1986b; Schipp et al., 1986). 
Pharmacological experiments have shown that ACh exhibits a concentration-dependent 
reduction of contraction amplitude and frequency in the isolated and perfused cephalopod 
heart [Loligo pealei systemic heart (Bacq, 1933b 1934); Sepia officina/is (Kiing, 1983, 
1986b; Schipp et al., 1986; Kling & Jakobs, 1987); Octopus vulgaris (Wells & Mangold, 
1980)]. In the systemic heart of S. officina/is, the ACh response was mimicked by nicotine, 
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but not by muscarine or pilocarpine. Tubocurarine and a-bungarotoxin reversibly blocked 
the ACh response, but atropine and tetraethylammonium (TEA) did not block the ACh 
receptor (Kling, 1983, l986b). Nicotine mimicked the ACh response in the branchial 
hearts of S. officina/is, and tubocurarine and a-bungarotoxin completely blocked this effect 
(Schipp et al., 1986). Atropine and TEA weakly blocked the ACh effect, and muscarine 
had a very weak agonistic effect. These pharmacological results indicate a nicotinic type of 
ACh receptor in cephalopod cardiac tissue. Furthermore, ACh produced the same 
inhibitory effect in in vitro and in vivo studies of 0. dojleini (Wells & Mango Id, 1980). 
3.1.2 Aminergic innervation 
Catecholamines 
Fluorescent histochemical studies (Kiing & Schipp, 1984; Kling, 1986b) showed positive 
results for the presence of monoamines in the nerves in the central heart of Eledone 
moschata and Sepia officina/is. both in the main nerve trunk on the surface of the ventricle 
and in branches throughout the myocardium. These authors observed non-aminergic fibres 
within the nerve bundles, which were considered to be cholinergic innervation (Kiing & 
Schipp, 1984; Kling, 1986b). Catecholamine containing nerve fibres have been localised 
in the branchial heart, together with the cardiac ganglion and the branchial heart nerve of 
Sepia officina/is (Fiedler & Schipp, 1991 ), and the presence of catecholamines in the 
central nervous system has also been proven (Tansey, 1979). There is yet, no similar 
information for squid. 
Pharmacological studies on the isolated mam heart of Sepia officina/is and Eledone 
cirrhosa showed a strong excitation of the contraction amplitude and a less pronounced 
increase of heart frequency caused by noradrenaline (Fange & Ostlund, 1954; Kling & 
Jakobs, 1987; Kling & Schipp, I987b ). Similar, but much weaker, effects were seen by 
addition of adrenaline, dopamine and octopamine to the systemic heart of S. officina/is 
(Kling & Schipp, 1987b). This excitatory effect produced by noradrenaline was blocked by 
phentolamine (a-antagonist), but not mimicked by clonidine (a-agonist), isoprenaline CP-
agonist) or blocked by propranolol (p-antagonist). Adrenaline produced excitation of the 
main heart of Loligo pealei (Bacq, 1933a, 1934). In the gill heart of S. officina/is, 
adrenaline, noradrenaline and dopamine increased the amplitude, but not the frequency, 
with the strongest effect caused by adrenaline and weakest by dopamine; only 
phentolamine blocked the excitatory response (Fiedler & Schipp, 1990). These in vitro 
studies with S. officina/is contradict the in vivo studies of Octopus dojleini and 0. vulgaris, 
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where adrenaline and noradrenaline caused cardioinhibition (Johansen & Huston, 1962; 
Wells & Mangold, 1980; Kling & Jakobs, 1987). 
The nature of the excitatory transmitter in cephalopods is unknown. Noradrenaline has 
been isolated from the brain of E. cirrhosa and 0. vulgaris, together with the identification 
of noradrenaline synthesising enzymes (Tansey, 1979). Adrenaline, found in cephalopod 
nervous tissue only very recently (Marschinke et al., 1995), has been excluded as a natural 
cardioregulatory substance (Kling & Jakobs, 1987), however, it does exist in the visceral 
ganglion of S. officina/is. The general theory that cephalopods have a highly developed 
noradrenaline system, unlike other mollusc groups, seems valid (Fiedler & Schipp, 1987). 
These pharmacological experiments support the existence of an aminergic a 1-like receptor 
type in cephalopod cardiac tissue (Kling & Schipp, 1987b; Fiedler & Schipp, 1990). 
lndolamines 
Serotonin (5-hydroxytryptamine, 5-HT) has an excitatory action on many molluscan hearts, 
and has been identified in the ganglia and hearts of several bivalves and gastropods (Hill & 
Welsh. 1966). Serotonin has been found \\·idely in cephalopods, but there are no 
biochemical or histochemical indications for its presence in cephalopod peripheral nerves 
or visceral organs (Jurio, 1971; Tansey 1979: Messenger, 1996), including the main heart 
(Jurio & Killick, 1973; Kling, 1986a) and the branchial heart (Jurio & Killick, 1973; 
Fiedler & Schipp, 1991 ). In both in vitro and in vivo studies, the central heart of Octopus 
vulgaris and Sepia officina/is reacted to 5-I-H treatment with strong cardioexcitation 
(Wells & Mangold, 1980; Kling & Schipp, 1987b), whereas the gill heart showed no 
response (Fiedler & Schipp, 1990). Kling & Jakobs (1987) speculated the excitatory effect 
in the systemic heart was mediated by peptidergic receptors (see below). 
3.1.3 Peptidergic innervation 
A third receptor system, which responds to certain peptides, seems to exist in the cardiac 
tissue of cephalopods (Kling & Jakobs, 1987). For various species of cephalopods, it has 
been proposed that neurohorrnones are released into the bloodstream in the area of the 
anterior vena cava; known commonly as the neurosecretory system of the vena cava (the 
NSV -system) and is situated upstream from the branchial hearts. Alexandrowicz (1964, 
1965) gave a detailed description of the NSV -system of Sepia officina/is, Octopus vulgaris 
and Eledone cirrhosa. This system, has an abundant nerve supply from the brain 
(Alexandrowicz, 1964, 1965), with neurones whose cell bodies are located mainly in the 
visceral lobe of the brain. Martin & Voigt (1987) found that endings of about two million 
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small neurones form a voluminous neuropil inside the vena cava, in direct contact with the 
blood. Immunocytochemical studies of the NSV -system of 0. vulgaris indicated three 
types of secretory terminals: those that were immunoreactive with antibodies raised against 
proctolin; those with oxytocin/vasopressin- and neurophysin-like immunoreactivity, and a 
third type of nerve endings which appeared to contain many different peptides, including 
enkephalin, FMRFamide- (Phe-Met-Arg-Phe-NH2), and melanotropin-like substances 
(Martin & Voigt, 1987). 
Extracts of the cepha1opod NSV -system caused a long-lasting cardioexcitation when 
applied to the isolated octopod systemic heart (Berry & Cottrell, 1970; Blanchi et al., 1973) 
and the branchial hearts of Octopus vulgaris and Sepia officina/is (Wells & Mangold, 
1980; Fiedler & Schipp, 1987). Four different peptides have been isolated and identified 
from the extract (Martin & Voigt, 1987); one of these is FMRFamide. FMRFamide, and 
its related peptides (FaRPs), are widespread in molluscs and affects various tissues, 
including cardiac and noncardiac muscles, nerves and glands, with actions that are varied 
and complex (Kobayashi & Muneoka, 1989). Probably, these peptides are only a few of 
the many cardioactive substances secreted from the vena cava. Cardioactive peptides are 
also released from cardiac nerves, thereby affecting the heart directly as has been 
demonstrated in the pond snail Lymnaea stagna/is (Buckett et al., 1990b). FMRFamide 
has been tested on different bivalve hearts, and induces excitation and inhibition (Painter & 
Greenberg, 1982). It induced a long-lasting positive inotropic effect in the systemic hem1 
of cephalopods [ 0. vulgaris (Wells & Mangold, 1980); S. officina/is (Kiing & Jakobs, 
1987; Jakobs, 1991 )]. lt has been concluded that the peptide acts by associating with a new 
receptor type, that is not identical to those receptors seen before (Kiing & Jakobs, 1987). 
FMRFamide did not stimulate the isolated branchial hearts of S. officina/is (Fiedler & 
Schipp, 1987; Fiedler, 1992), indicating that there may be differences in the range of 
receptors between the systemic heart and the branchial hearts. Furthermore, they may 
influence not only the hearts, but many parts of the entire circulatory system. 
Although it has been concluded that the NSV -system of cephalopods releases several 
neurohormones, it has not been clarified adequately which they are, how these hormones 
act and how much they affect the cardiovascular system. Further, a peptidergic receptor 
system exists on the systemic heart and reacts with cardioexcitation for at least one of these 
hormones (Kiing & Jakobs, 1987). 
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3.1.4 Aims of this study 
The aim of this investigation was to study the regulation of the isolated branchial heart of 
squid Loligo vulgaris and L. forbesii, and to try and identify the different receptor types 
present in this organ. Also, the actions of some typical cholinergic agonists and antagonists 
were tested to detem1ine whether it was possible to classify the myocardial receptor types 
as has been achieved in vertebrate cardiac muscle (Eckert et al., 1988). 
3.2 Material and Methods 
3.2.1 Animals 
Adult specimens of Loligo vulgaris and L. forbesii (mantle length 20-40 cm, both sexes) 
were used in the following experiments. These animals were used due to their relatively 
large gill hearts compared to the much smaller squid Alloteuthis subulata. The larger squid 
were only available during the winter months, thus restricting the time available for 
experimentation. 
3.2.2 Dissection and perfusion set-up 
Animals were anaesthetised in 1-2% ethanol for a few mins before dissection. The mantle 
was opened, from the ventral side, and the membrane covering the branchial hearts 
removed (Fig. 3.1 ). One (or both) of the branchial hearts was carefully dissected and 
removed, together with its two attached blood vessels, the lateral vena cava and the afferent 
branchial vessel. The surrounding gill tissue was dissected away from the branchial vessel 
and the visceral nerve, with attached cardiac ganglion, was removed. The animal was kept 
anaesthetised during the dissection by flooding 1-2% ethanol in seawater over the gills. 
To perfuse the isolated heart, the two blood vessels were cannulated with short, bent steel 
tubes (0= 0.511 mm, animal feeding needles, Central Surgical Ltd). The steel tubes had a 
short piece of plastic tubing attached to the other end for the attachment to the artificial 
circulation system. The branchial heart was installed in the perfusion system (Fig. 3.2) by 
connecting the input- and output cannulae to two steel tubes, which in turn were connected 
to the perfusion reservoirs. The input tube was connected to two parallel reservoirs, one 
filled with filtered seawater and the other with the drug solution. The input tube could be 
switched easily between these two containers by a four port parallel distribution valve 
(Anachem). The outlet tube lead to the afterload container. The height of the containers 
could be adjusted, so that the pre- and afterload pressures could be changed (preload 
pressure: I 0 or 30 cm H20; after load pressure: 2 cm H20). The fourth port of the inlet 
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Figure 3.1 Photo showing the viscera of the squid Loligoforbesii. Ventral view. 
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Figure 3.2. Diagram of the perfusion set-up. 
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distribution valve led to a waste container to allow excess drug-seawater solution to be 
drained easily from the perfusion reservoirs. 
The isolated, cannulated heart was suspended in an aerated and temperature controlled 
organ bath (Fig. 3.3). This bath had a double wall, with the outer chamber connected to a 
thermostat and pump unit, thus making it possible to control the temperature of the inner 
bath containing the isolated heart. Filtered, aerated seawater, containing 0.17% glucose, 
was used for internal perfusion medium, as well as for the outer bathing solution of the 
hem1. This substitution of hemolymph by seawater was possible as seawater and squid 
blood have almost identical ionic composition (Robertson, 1965). Before installing the 
heart in the perfusion set-up, the system was filled with seawater so that no air bubbles 
existed in the pathway; the height of the pre- and afterload containers was adjusted, and the 
flow rate set (0.4-0.5 ml min. 1). The heart was installed quickly into the artificial 
circulation system. Often, the perfusion reservoirs had to be increased in height to help 
restart the heart beat, before the constant height was set for the hydrostatic fillings pressure. 
On a few occasions, electric shocks were also applied to start the heart contracting. All 
hearts were allowed to stabilise for about 30 mins before starting any drug application. The 
drugs were added to the seawater-glucose solution. Only one heart per drug was used, as 
damage to the receptors in the heart after high drug concentration was very likely. Some 
hearts showed leakage of perfusate into the organ bath, therefore, washing of the bath with 
SW was made regularly. The experiments were carried out at 10-!2°C, which was the 
same temperature as the holding tanks that the animals had been kept in. 
3.2.3 Recording equipment 
Recordings of the isotonic activity (i.e., pressure pulse and heart rate of the isolated heart) 
were made using a pressure transducer (SensoNor, NL I 08T3, Digitimer Ltd), that was 
installed in the efferent part of the artificial circulatory system, between the isolated heart 
and the afterload container. The transducer was connected to a Neurolog System 
(Digitimer Ltd), consisting of a bridge circuit (NL I 08), filter (NL 125) and amplifier (NL 
I 06). This output was fed to a CED micro(J.l) 140 I laboratory interface (Cambridge 
Electronic Design Ltd). The heart contractions were recorded on an IBM compatible PC 
using Spike2 for Windows (version 2.00, Cambridge Electronic Design Ltd). The data 
were stored on disks for off-line analysis. 
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Figure 3.3. Photo showing part of the perfusion set-up, with an isolated gill heart in the 
organ bath. 4-port distnlmtion valve (A), Pressure transducer (B), Organ bath (C). 
3.2.4 Drugs 
Drugs were made up freshly from stock solutions (between I o-2 and 1 o-6 M in distilled 
water) kept in a fridge at 4-6°C, and applied continuously by perfusing the preparation with 
increasing drug concentrations, starting at about I0- 11 M_ Each concentration was applied 
for about 15 m ins, or shorter, if a stable organ response had occurred. 
The following drugs were used: 
Cholinergic agents: acetylcholine chloride, (-)-nicotine ditartrate salt, (±)-muscarine 
chloride, pilocarpine hydrochloride, D-tubocurarine chloride, atropine sulphate, tetraethyl 
ammonium chloride (TEA). 
Aminergic agents: (±)-adrenaline (epinephrine hydrochloride), noradrenaline (± arterenol 
bitartrate salt), serotonin (5-hydroxytryptamine, 5-HT). 
Adrenaline and noradrenaline were stabilised with 0.1% ascorbic acid. All chemicals were 
purchased from Sigma. 
3.2.5 Analysis and statistics 
The responses to the pharmacological agents were measured as changes in the amplitude 
and/or frequency of the heart beats. During drug application, contraction amplitudes and 
frequencies were measured over a time period of 30-60 secs (amplitude) and 5 mins 
(frequency), starting within the first minute after drug /solution switch, or when a response 
was observed. This was compared to amplitude and frequency values for the untreated 
heart (perfused with seawaterlglucose solution). 
Dose response curves were plotted for hearts in which a complete concentration series 
(I o-Il to about 10-6M) of a drug was applied. The median value of the responses of 
amplitude and frequency were calculated over respective time period and, then calculated 
as percentages of the activity in sea water. 
The data were tested for normality and equality of variance prior to analysis of variance 
techniques. All data that failed to meet the necessary assumptions for analysis of variance 
(ANOV A), were analysed with non-parametric (distribution-free) techniques, such as 
M mm-Whitney U-test (two-sample analysis) and Kruskal- Wall is (multi-sample analysis) 
non-parametric tests, followed by Dunn's Multiple Comparison's Test (GraphPad InStal, 
v2.05a). 
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3.2.6 A critique of the Methodology 
Animals and problems 
Squid are known to be "difficult" laboratory animals. They are relatively fragile and are 
often injured, especially their delicate skin, as a result of capture techniques (Summers, 
1983). Furthermore, because they are such active animals and require much space, they do 
not survive very well in captivity. Consequently, a constant supply of freshly-caught 
specimens was needed, and this was very often a problem. The waters around Plymouth 
experience bad weather conditions, particularly during the colder part of the year when the 
larger squid (Loligo forbesii and L. vulgaris) were available. The number of experiments 
was, therefore limited by the supply of animals. 
A second problem, was the high susceptibility to stress in these animals, which seemed to 
lower their suitability for in vitro experiments. The physiological responses to stress in 
squid are not known, but the cardiovascular system is most likely involved, as found in fish 
(Randall & Perry, 1992). Fish increase their levels of circulating catecholamines during a 
variety of physical and environmental disturbances, including air exposure and exhaustive 
exercise. The heart of eel (Anguil!a) spontaneously releases catecholamines stored within 
adrenergic neurons, and this 'overflow' of neuronal catecholamines significantly affected 
cardiac function (Randall & Perry, 1992). This might also have taken place in the current 
squid experiments and would affect the performance of the isolated gill hearts in the 
perfusion system, and, maybe, explain some of the problems that occurred. The unknown 
history of the specimens, such as age and diseases, could possibly also have affected the 
results obtained. 
A further explanation for the poor performance of the gill heart in the artificial circulation 
system may be that seawater is a poor perfusion medium for these hearts, as suggested for 
Octopus by Wells & Smith (1987). Although seawater has been used very successfully in 
the experiments on cuttlefish heart by Schipp and colleagues (Schipp et al., 1986; Kling & 
Schipp, 1987b ), sea water may lack the correct amino acid composition, or other essential 
substances, present in squid blood. One more general possibility, is that molluscan hearts 
may be tonically regulated by circulating cardioactive neurohumours, such that the action 
of a humour could overlie, to a variable degree, the inherent myogenicity (Smith, 1987). 
Further, the gill heart consists of a high proportion of packing cells, which are equipped 
with a very efficient enzyme store (Schipp et al., 1971 ). Although the enzymes are 
primarily involved in catabolic processes in the heart, they may also act as an interfering 
factors during the perfusion and thereby affect the results (Schipp et al., 1986). 
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Technique 
The continuous perfusion technique was developed originally by Schipp et al. (1986) for 
the isolated cardiac organs of cuttlefish Sepia officina/is. In this present study it was used 
for the branchial heart of squid Loligo forbesii and L. vulgaris. The technique was a 
relatively simple method, however, problems arose when inserting the squid gill heart into 
the system. At many occasions, the heart did not contract at all, or it showed a very 
irregular or weak contraction that did not stabilise for over an hour. Further, these squid 
hearts did not react to any applied agent. In contrast, the cuttlefish gill heart normally 
started beating regularly more or less immediately after insertion in the perfusion system 
(as found in the control experiment with Sepia gill heart). 
One possibility might simply be that the squid gill heart is not very suitable for this kind of 
experiment or, maybe, not for this particular type of set-up. Difficulties of working with 
isolated gill hearts of squid have been confirmed by Prof. R.B. Hill (Rhode Island, pers. 
conun.). Surgery is known to be complicated on squid due to the limited time available 
prior to hypoxia, which may be worsened by the anaesthesia (O'Dor & Shadwick, 1989). 
Therefore, as sho\\·n by the literature. most pharmacological studies on cephalopod cardiac 
regulation have been carried out either on cuttlefish or octopus, although there have been 
few experiments performed on the Loligo ventricle (Carlson, 1922; Bacq, 1933a,b, 1934). 
3.3 Results 
Initial experiments, carried out on the gill hearts of Sepia officina/is, established that the 
perfusion set-up was working effectively. The isolated, perfused Sepia hearts contracted 
with an even and regular beat (Fig. 3.4), confirming that the dissection technique and 
recording set-up were working. 
A total of 44 branchial hearts was dissected from Loligo vulgaris and L. forbesii, 
cannulated and installed into the artificial circulation system. Under adequate filling 
pressure, the isolated and perfused branchial heart continued to beat spontaneously and 
more or less rhythmically (Fig. 3.5). Some of the hearts displayed a regular, evenly-sized 
beat amplitude (Fig. 3.5A), whereas other hearts showed a so called 'double beat', with a 
difference in amplitude between two contractions, but in a regular pattern (Fig. 3.5B). The 
heart beat has a rapid rise and fall, presumably representing the contraction (systole) and 
the relaxation (diastole) phase of the beat. 
Due to the poor effects of adrenergic agonists on the squid branchial hearts described 
below, an experiment on the gill heart from Sepia officina/is was also performed, as the 
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Figure 3.4. Cardiac contractions from the gill heart of Sepia officina/is. 
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Figure 3.5. Cardiac contractions from the gill heart of Loligo sp. A) Regular and evenly 
sized heart beats. B) 'Double' heart beats, with a large and small contraction. 
responses to putative neurotransmitters on the isolated branchial hearts of these 
cephalopods are well documented (Fiedler & Schipp, 1990; Schipp et al., 1986). 
Noradrenaline (I0-9M) caused a large increase in the contraction an1plitude of the Sepia gill 
heart (Fig. 3.6A). I o·8M adrenaline induced a clear positive inotropic effect of the Sepia 
branchial heart (Fig. 3.6B). Increasing the concentration to Sx 10"7M adrenaline resulted in 
a cessation of beating that was reversed with SW wash. I o·6M of this catecholamine led to 
a complete standstill of the activity in the isolated heart (not shown). 
3.3.1 Effect of temperature on cardiac contractions 
The cephalopod heart is known to be very sensitive to temperature, with a rise in 
temperature increasing the beat frequency and contraction amplitude (Wells, 1979, Wells et 
al., 1988; Gebauer, pers. comm. ). 
The effect of temperature on the cardiac activity was studied on one isolated squid gill 
hem1 by slowly increasing the water bath temperature from I ooc and gradually stepping to 
22°C. Increasing the temperature of the bath, resulted in increases in the amplitude and 
frequency of the cardiac contractions (Fig. 3. 7). The heartbeat amplitude increased with a 
Q 10 of about 1.3 and the frequency with 1.2. 
3.3.2 Hearts with irregular activit)' 
Approximately 50% of the isolated and perfused gill hearts (n=20) displayed very small, 
slow and/or irregular contractions (Fig. 3.8). These hearts did not respond to any drug 
application. Some did not contract at all in the perfusion system and were, therefore, given 
an electric shock to initiate the beat. This was successful in some hearts, but most 
displayed a very weak beat even after stimulation. Furthermore, a few of the latter hearts 
were leaking, mainly through small holes in the heart wall, and this resulted in an improper 
perfusion, with the perfusate leaking out into the organ bath, and also drug-SW solution 
leaking back from the afterload container. These holes might have been caused during the 
dissection and preparation procedure. 
3.3.3 Effects of cholinergic agents 
The effect of cholinergic agonists 
Two hearts were perfused with acetylcholine (ACh) in increasing concentrations between 
10" 11 and 5xl0-5M (Table 3.1). 
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Figure 3.6 Effects of catecholamines on the isolated and perfused gill heart of Sepia 
officina/is. A) 10"9M noradrenaline, B) 10"8M adrenaline. 
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Figure 3.7. Temperature response curves for the effect of temperature on the contraction 
amplitude and frequency of the isolated and perfused squid gill heart. 
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Figure 3.8. Examples of contractions from squid branchial hearts with irregular activity. 
A) Large and slow irregular contractions. B) Small and slow irregular contractions. 
Table 3.1. Effects of acetylcholine on the squid gill heart activity. 
Heart Applied cone. (M) Threshold cone. Effect 
(M) 
a 10'11 , Sx 10'11 , 10'10, Sx Sx 10'10 neg. inotropic and chronotropic 
10'10, I o·9, Sx 10·9, 10'8 
b 10' 11 10'10 5xl0'10 10'9 10-10 neg. inotropic and chronotropic 
' ' ' ' 5xl0'9, 10'8, Sx!0-8, 10'1, 
10'5, Sx 10'5 
Acetylcholine induced a negative inotropic and chronotropic effect in the isolated and 
perfused squid gill hearts. The threshold concentrations were as low as 10'10M (heart b) 
and Sx 10' 10M ACh (heart a). These concentrations resulted in a statistically significant 
reduction in the amplitude of the heart beat (heart b: P<O.O I, heart a: P<O.OO I, 
respectively), thereby indicating a strong affinity for ACh by the cholinergic receptors on 
the myocardial cells. The heart rate was reduced in both hearts at a concentration of 
Sx 10'10M ACh (heart a: P<O.O I; heart b: P<0.05) (Fig. 3.9). In heart a, a so called 'post 
inhibitory overshoot' (Schipp et al., 1986) was observed when the heart was perfused with 
a concentration of Sx 10'10M ACh. This effect, shown in Figure 3.10 (at Sx 10'9M ACh), 
appeared as an increase in amplitude directly after the drug application and lasted for about 
30 secs, the contractions then declined to an amplitude smaller than that observed before 
the application of ACh. 
Increasing concentrations of ACh reduced the amplitude and frequency of the heart beat, as 
shown in the dose response curves for hearts a and b (Fig. 3.11 ). At 10'5M ACh, the heart 
(b) stopped for nearly I min, before continuing contracting (Fig. 3.12); a concentration of 
Sx 10'5M led to a complete standstill. After repeated washing with SW, the heart started 
beating, although it did not return to its original activity, indicating that irreversible damage 
was done to the organ by these high ACh concentrations (I 0'5 and Sx I 0'5M). After 
continues washing (SW) of heart a, the amplitude returned to close to original value, 
whereas the heart rate only partially recovered. 
The effects of nicotine (I 0' 11 to Sx I o·6M) were examined on one heart. Surprisingly, no 
negative inotropic effect was detected at any concentration. Instead, a periodic response 
was identified for concentrations above Sx 10'10M (Fig. 3.138). At Sx 10'9M, and higher 
concentrations, the isolated heart stopped for I 0 to 20 second intervals between the beating 
periods of 30 to 40 secs (Fig. 3.13C). At Sxi0-7M, the heart stopped for 75 secs directly 
after the nicotine application (Fig. 3.130), but restarted in a periodic beating pattern 
afterwards (not shown). Partial standstill was obtained at Sx I o·6M, when the heart stopped 
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Figure 3.9. Effect of 5* 1 o-10M ACh on the activity of the isolated squid branchial heart, 
demonstrating a decrease of contraction amplitude and frequency. 
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Figure 3.10. Effect of 5* 1 o-~ ACh on the activity of the isolated and perfused squid 
branchial heart, producing a post inhibitory overshoot. (Arrow indicates artefact from 
change of perfusion containers.) 
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Figure 3.11. Dose response curves showing the negative inotropic and chronotropic 
effects of ACh on the isolated and perfused branchial hearts a and b. 
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Figure 3.12. The action of 10"5M ACh on the isolated squid gill heart, producing a 50 secs 
complete standstill before continuing beating. 
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Figure 3.13. Effects of nicotine on the isolated perfused squid branchial heart, displaying a 
periodic effect that is more pronounced with an increasing nicotine concentration. A) SW, 
B) 5•10-10M, C) 5•10-8M and D) 5•10-7M nicotine. 
for 2 mins, followed by a 3-min period of irregular beating, before returning to a periodic 
pattern of20/20 secs beating/stop periods (not shown). 
Muscarine was applied to four branchial hearts. Two hearts displayed very irregular and 
slow contractions, and were, therefore, not used. A third heart showed no response to 
either muscarine or acetylcholine at a concentration of I 0"6M. The fow"th heart, however, 
showed a negative inotropic and chronotropic response to muscarine. This heart was 
perfused with concentrations between 10"10 and 5x 10"5M muscarine. Immediately after the 
application of 5x I 0"8 to 5x I 0"7M muscarine, the beat amplitude increased slightly, followed 
by a reduction in amplitude (P<O.OO I) and frequency (P<O.OO I) about 3.5 m ins after the 
drug application (Fig. 3 .14A). This inhibition lasted for about 2.5 m ins. Concentrations 
between I o·6 and 5x I 0"5M led to a decrease in beat frequency about 2 mins after the 
muscarine application with partial standstill for 20 to 30 secs. The standstill was followed 
by a decrease in beat amplitude (P<O.OO I) and a slight increase in heart beat rate (Fig. 
3.148). The heart did not recover to its original level of activity after washing with SW. 
Pilocarpine, a muscarinic agonist, was tested on one heart at concentrations ranging from 
10·9 to 10"4M. A moderate negative inotropic effect (P<O.OI) was observed from a 
concentration of Sx I o·8 l\1 pilocarpine to I 0"4M, and a weak chronotropic effect (P<O.OO I) 
from Sx 10·7 M to I 04 M (Fig. 3.15). No standstill was seen even at non-physiological 
concentrations as high as I 04 M pilocarpine. 
Effects of cholinergic antagonists 
The ability of known cholinergic antagonists to interfere with the action of ACh was tested 
by perfusing the heart with ACh and then applying a ACh-blocking drug 
Curare (cl-tubocurarine chloride), a nicotinergic antagonist, was applied to a heart directly 
via the organ bath, at a concentrations of 11 xI 0"3M. This application immediately 
inhibited the blocking effect produced by 5x 10"5M ACh (Fig. 3.16A). Lower 
concentrations of curare (1.4x 10"5 , 5x 10·5 and 10"3M) did not show any antagonistic effects 
on the ACh inhibited heart. 
Atropine, a muscarinic antagonist, also seemed to block the responses produced by ACh. 
Concentrations of 3.5x I o·' and I o·~M atropine, applied via the organ bath, antagonised the 
blocking effect by ACh after about 40 to 50 secs (Fig. 3 .168-C). 
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Figure 3.14. Effect of muscarine on the activity of the squid gill heart. A) 5 *I o-7M 
muscarine, demonstrating first an increase followed by a decrease of the amplitude. 
B) 1 o-s M muscarine, displaying an increase in amplitude and decrease in rate, proceeded 
by a decrease in amplitude and increase in heart rate. 
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Figure 3.15. Dose response curves for the effect of pilocarpine on the contraction 
amplitude and frequency of the perfused squid branchial heart, demonstrating a moderate 
negative inotropic and a weak negative chronotropic effect. 
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Figure 3.16. Effects of cholinergic antagonists on isolated squid branchial hearts. The 
hearts were first perfused with ACh to inhibit the contractions before A) 11 * 1 o-3M 
curare, B) 3.5*10-5M atropine, C) 104 M atropine were added to the organ bath. These 
antagonists blocked the effect produced by ACh, curare directly and atropine after about 
30-40 secs. 
TEA (tetraethylammonium chloride), another muscarinic antagonist, did not seem to bind 
to the cholinergic receptor for of concentrations of 6x I 04 and I 0"3M, there were no 
measurable effects on the inhibition of the heart produced by ACh. 
3.3.4 Effects of aminergic agents 
Adrenaline was applied, in increasing concentrations, to ten branchial hearts in the 
perfusion system. Four hearts had a very unstable beat and no effects were observed after 
adrenaline application at concentrations between I 0"9 and I 0"5M. Three hearts had 
satisfactory beats, but showed no significant change in amplitude or frequency when 
adrenaline concentrations of between 10" 11 and 10"6M were applied. However, one ofthese 
latter preparations displayed a periodic beating pattern at I 0"8M and very irregular 
contractions at 5x I 0"7M (not shown). Only three of the ten isolated hearts showed clear 
responses to adrenaline, as summarised in Table 3.2. 
Table 3.2. Effects of adrenaline on the squid gill heart activity. 
Heart Applied Cone. (M) Threshold cone. (M) Effect 
{/ 10·11, 10·10, 10-~, IO.s, 1 o·6 pos. inotropic + neg. chronotropic 
10"7 10"6 10"5 
' ' 
b Sx I o·6 Sx I o·6 pos. inotropic + neg. chronotropic 
c 5xl0"8, 10"7, 5•10"7 10"7 pos. inotropic + neg. chronotropic 
When per fused with adrenaline concentrations of between I o·" to 10"5M (Table 3.2), heart 
a exhibited an increase in beat amplitude (P<O.OOI) and a decrease in beat frequency 
(P<O.OOI) at 10"6 M (Fig. 3.17 A). This concentration (10"6 M) was a relatively high 
physiological concentration, but a clear effect was recorded, although the increase occurred 
after 5 mins of perfusion with adrenaline. The shape of the heartbeat changed from a 
'double' beat into a single beat (Fig. 3.178). At I 0"5M adrenaline, heart a slowed down 
and contracted very slowly and weakly. As can be seen in the dose response curves for 
heart beat amplitude and frequency, no effects were observed between 10" 11 and 10"7M 
adrenaline, however, a strong positive inotropic and negative chronotropic effects were 
seen at concentrations above 10"61\1 adrenaline (Fig. 3.18). 
Heart b was perfused with one concentration (5x 1 o·6M) of adrenaline. This resulted in a 
direct positive inotropic (P<O.OO I) and negative chronotropic effect (P<0.05), similar to 
that observed in heart a. The same effect on the shape of the heartbeat as described for 
heart a was also noticed in heart b (a double beat turned into a single slower beat) (not 
shown). 
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Figure 3.17. Effect by 1 O.{jM adrenaline on the activity of the isolated branchial heart, 
A) producing an increase in amplitude and decrease in frequency. B) The shape of the 
contractions change from a 'double beat ' to a slower 'single beat'. 
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Figure 3.18. Dose response curves for the effect of adrenaline on the contraction 
amplitude and frequency of the isolated squid branchial heart, showing an increase 
in ampli tude and a decrease in frequency at 1 0-6M. 
The third heart (c) was tested with adrenaline at concentrations ranging from Sx I o-s to 
Sx I o-7M. An increase in beat amplitude was observed at I0-7M (P<O.OS), together with a 
small decrease in frequency (P<O.Ol) (Fig. 3.19A). Sx I o-7M adrenaline caused a small 
further increase in amplitude, with no change in heart rate. This was followed by perfusing 
the heart with SW for 70 mins and resulted in a progressively smaller heartbeat. However, 
after a new addition of Sx I o-7M adrenaline, the heart stopped for 30 secs, followed by an 
increase in both beat amplitude (P<O.OI) and rate (P<O.Ol) (Fig. 3.198). 
Noradrenaline (NA) was perfused through ten isolated branchial hearts (Table 3.3). In 
seven preparations (hearts a to g), a clear response was observed and recorded. In four of 
these hearts, a positive inotropic effect was seen, although the threshold concentration was 
variable, being first seen at between I o-9 and I o-6M noradrenaline. Some of these hearts 
also responded with a periodic beating pattern, as described below. Of the remaining 
isolated and perfused hearts (hearts h to k), none showed any response to NA 
COncentrations (I o·IO tO 10-61\1). 
Table 3.3. Effects of noradrenaline on the squid gill heart activity. 
Heart Cone. applied (M) Threshold cone. Effect 
(M) 
a 1 o-10, 1 o-9, sx 1 o·9 10'~ pos. inotropic, ne g. 
chronotropic, periodic effect 
b 10'10, 10'9, Sx 10'8 10'9 pos. inotropic, ne g. 
chronotropic, periodic effect 
c 1 o·7 1 o· 10 1 o-9 s 1 o·9 1 o·8 , , , X , , 1 o·7 pos. inotropic, neg. chronotropic 
5xl0'8, 10-7, 5x10·7, 10-5 
d 10'11 , I o- 10, Sx I o· 10, 10-9, 1 o·6 pos. inotropic, neg. chronotropic 
5xl0.9, 10-8, 5xl0.8, 10·7, 
5xl0'7, 10-6, 5xl0'6, 10·5 
e 10·8, 10·7, 5xl0'7 5x 10-7 periodic effect 
f 10·7 5 10·7 1 o-~> 1 o·5 1 o·• , X , ' ' 10'6 periodic effect 
g 10-7, 10-6 1 o·7 amplitude+ frequency changing 
h 10'11 I o-10 5 10-10 I o·9 
' ' X ' ' 
-- no effect 
Sxl0.9, 10-8, Sxi0-8, 10·7, 
Sx I o-7 I o-~> , 
j 10-10 10-8 -- no effect , 
k 10-7, 2x I o-7, 3x I o-7, Sx I o-7, -- no effect 
7x 10'7 
In heart a, the beat amplitude increased after about 1.5 mins of perfusion with 10-91\1 NA 
(P<O.OO I), with a slightly reduced heart rate (P<O.OO I), and continued beating with an 
increased amplitude for 7 mins (Fig. 3.20A). The heart then suddenly slowed down and 
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Figure 3.19. Effects by A) 10-7M and B) 5•10-7M adrenaline on the activity of the 
isolated branchial heart, showing a positive inotropic and chronotropic effect. 5• 1 o-7M 
adrenaline initially caused a short period of cardiac standstill before the heart continued 
contracting. 
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Figure 3.20. A) Effect of 1 o-9M noradrenaline on the activity of the isolated squid gill 
heart, showing an increase ofthe amplitude. B) The cardiac contractions after 50 mins of 
washing with SW, displaying a strong periodicity. 
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stopped for 20 to 30 secs before starting contractions. The application of Sx l 0"9M NA, 
caused the heart to beat in a periodic pattern (not shown), which continued even after 
50 mins of SW wash (Fig. 3.208). 
Heart b also responded at a concentration of I o·9M NA, with an increased amplitude 
(P<O.OO I) and very reduced frequency (P<O.OO I), although some response was already 
noticeable at I o·' 0M. Initially, the regular, evenly-sized heart beat (seen when perfused 
with SW) changed to a slower, 'double' beat for a NA concentration of 10"10M (Fig. 
3.21 B), consisting of a small and large beat; this resulted in a total average beat amplitude 
similar to that seen with SW. At 10"9M, the smaller beat effectively disappeared and the 
rate thus dropped drastically (Fig. 3.21 C). Surprisingly, application of Sx 10"8M NA, had 
no positive inotropic effect, and the heart beat amplitude was the same as when perfused 
with SW, although the rate stayed very slow. Instead, a periodic effect was observed, as 
shown in Figure 3.210. 
Heart c responded to the application of 10·7M NA to the perfusate with an increased beat 
amplitude (P<O.O I) and a slightly decreased heart rate (P<O.OS) (Fig. 3.22). After repeated 
washing with SW, the heart did not respond to any further applications of NA at 
concentrations between 10" 10 and I0-5M. 
Heart d was not affected by NA until a concentration of 10"6M was applied via the 
perfusion system. At this high concentration, the beat amplitude increased significantly 
(P<O.OOI) and the rate reduced slightly (P<O.OOI). At an application of 10"5M NA, the 
contractions became very irregular, but this effect was reversed after continuous perfusion 
of SW. 
A periodic response was observed in hearts e and f Heart e went into a periodic beating 
pattern when perfused with Sx I 0"7M NA, with a partial standstill for 30 to 40 secs (Fig. 
3.23A). After washing heart e with SW, the beat stabilised to a regular evenly-sized 
contraction, which was smaller than the original contractions before any drug application 
(P<O.OO I). Heart f showed similar periodic responses but at a higher concentration of 
10"6M NA, with no total increase in beat amplitude (Fig. 3.238). To show that this was a 
'true' response, heartfwas perfused with 10"5M ACh as a control; this resulted in a 50 sec 
standstill. 
Heart g, responded with an increase in beat amplitude (P<O.OOI) for short periods, about I 
and 2.5 mins after the application of 10"7M NA (Fig. 3.248). This was followed by a 
decrease in beat amplitude (P<O.OO I), which was lower than the original value when 
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Figure 3.21. Effect of NA on the cardiac activity of the isolated squid gill heart. The 
contractions changed in shape when perfusing the heart with A) SW B) 10"10M NA, 
C) 10-~ NA, D) 5* 10"8M NA. 
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Figure 3.22. A small positive inotropic effect produced by 10"7M NA on the isolated 
squid branchial heart. 
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Figure 3.23. Effects produced by two squid branchial hearts when perfused with 
A) 5* I o·7M and B) 1 0-6M NA, showing two different kinds of periodic responses. 
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Figure 3.24. Effects of perfusing the isolated squid gill heart with NA. A) SW, 
B) 10"7M and C) 1 0-6M NA. Significant increases of the amplitude indicated with 
** (P<O.Ol) or*** (P<O.OO I). 
perfused with SW. This lasted for the duration of the application. The heart rate also 
varied slightly during the perfusion with NA. The same change in amplitude was seen also 
when perfusing the heart with I 0'6M NA, with a short time of a significant increase in beat 
amplitude (P<0.05, P<O.OOI, respectively) (Fig. 3.24C). The heart rate was also reduced 
(P<O.OOI), and varying, during the period of drug application, as seen in Figure 3.24C. 
These effects were reversed by continues washing with SW, although the heart rate did not 
recover completely. 
No significant effects were observed in heart h, apart from an irregularity of the cardiac 
activity at concentration of 5x I o·7 and 10'6M NA, with short periods of cardiac arrest. 
After continues wash with SW, the amplitude was maintained at a slightly reduced level 
(P<O.O I), compared with original contractions, but the irregularities were abolished. 
Serotonin (5-I·JT) was perfused through two isolated squid branchial hearts (Table 3.4) and 
the effects were variable. At 10'7M 5-I-IT, an inhibitory effect on beat amplitude and rate 
was seen in one heart (a) and the same effect was observed at 10'9M in the other heart (b), 
but when this latter heart (b) was perfused with 5x 10'9M 5-I-IT, it showed an excitatory 
response (not shown). 
Table 3.4. Effects of serotonin on the squid gill heart activity. 
Heart Applied Cone. (M) Tlu-cshold cone. (M) Effect 
a 1 o· 11 , 10·10 
' 
10'9, 10·8, 10'7 neg. inotropic + chronotropic 
10'7 
b I 0' 10, I o·9, Sx I 0'9 10'9 neg. inotropic + chronotropic 
Sx I o·9 pos. inotropic 
3.4 Discussion 
3.4.1 Temperature 
The activity of the cephalopod heart is very temperature sensitive (Fiedler, I 992). The 
heart beat frequency increases with increased temperature with Q10 value of 1.9 for 
Lolliguncu/a brevis (over the temperature range of 14-24°C) (Wells et al., 1988); 3 for 
Octopus vulgaris (7-27°C) (Wells, 1979) and 3.3 for Sepia officina/is (Gebauer, pers. 
com111.). An increase in contraction amplitude is also commonly observed (Gebauer, pers. 
com111. ). In this study, the temperature of the organ bath containing the isolated heart was 
held at I O-l2°C, which was very close to the temperature in the aquarium holding tanks 
where the animals were kept. Increase in the temperature of the organ bath led to an 
increase in both the contraction amplitude and frequency of the squid heart, with a 010 of 
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1.3 and 1.2, respectively (8-24°C). These low Q10 values instead indicate a heart which is 
relatively insensitive to temperature changes. However, this result is based on only one 
preparation and may not therefore be representative, so further speculations will be made. 
3.4.2 Pre- and afterload pressures 
The isolated molluscan heart beats more effectively when stretched by internal pressure, 
although external stretching can be sufficient for bivalve hearts (Hill & Welsh, 1966). In 
the present work, internal stretching was achieved by perfusing the heart, and the level of 
stretching was adjusted by changing the height of the perfusion containers (preload- and 
afterload containers). The input pressure, or preload pressure, has a direct effect on the 
contraction amplitude (stroke volume) and heart rate, with an increased pressure leading to 
an increase in stroke volume and heart rate (Hill & Welsh, 1966; Smith, 1981 b; Foti et al., 
1985). Smith (1981 b) showed that an increase in after load pressure caused a reduction in 
stroke volume. In general, squid have higher blood pressures than other coleoidean 
cephalopods, although this seems to be valid for the systemic heart and not the gill heart. 
The pressures generated by the gill hearts in Lo/igo pealei were 9 cm H20 (Bourne, 1987). 
In this study, the preload pressure was adjusted to a level at which the isolated heart 
contracted with a strong contraction. This level was mainly I Ocm H20, but in some 
preparations, where the heart displayed a very weak beat, the preload pressure was set to 
30cm 1-bO. 2 cm 1-hO level was chosen for the afterload pressure, as used in Sepia gill 
heart experiments p~rformed by Schipp et al. ( 1986). In about a third of the hearts, 
showing a small contraction, the preload perfusion container was set to a higher level (30 
cm H20) to increase the contraction amplitude. 
As observed in many of the preparations in this study, isolated squid branchial hearts 
showed spontaneously two contraction waves, the so called 'double beat', with a larger and 
a smaller sized beat; these were often modulated in response to drug applications. A 
periodic modulation of the beat amplitude and frequency was also observed, these were 
more frequently induced by the application of drugs. Similar findings have been reported 
from isolated gill hearts from Sepia officina/is (Fiedler & Schipp, 1987) and Octopus 
dojleini (Johansen & Martin, 1962). These observations may imply that there are perhaps 
two pacemaker regions which determine the rhythm of the gill heart by forming more or 
less synchronous or alternating stimulation impulses. The applied drug might then affect 
one pacemaker region more than the other. However, the muscular bulb, at the efferent end 
of the gill hem1, has recently been proposed to be responsible for the pacemaker activity of 
this heart (Gebauer & Versen, 1997). This may also have affected the results in the present 
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study, as, in the preparation of the isolated heart, the cannula were inserted into the 
muscular bulb region, and this, in turn, might have disturbed or interfered with the 
pacemaker activity. 
3.4.3 Cholinergic innervation 
The pharmacological findings on the isolated squid branchial heart, as revealed in this 
preliminary study (due to the limited number of experiments), indicate the existence of a 
cholinergic receptor system, as has been found for other cephalopod cardiac tissue 
(Krijgsman & Divaris, 1955; Wells & Mangold, 1980; Schipp et al., 1986; Kling & Jakobs, 
1987). The results suggest that the Loligo heart has a similar sensitivity to ACh as the 
Sepia gill heart, with a threshold concentration of I 0' 10M compared to 5.5x l 0' 10M in Sepia 
(Schipp et al., 1986). ACh has been applied to the cardiac organs of many cephalopods, 
and caused negative inotropic and chronotropic effects, followed by heart arrest at high 
concentrations [Loligo pealei.· systemic heart (Bacq, 1933b, 1934); Sepia officina/is: 
systemic heart, gill heart (Kling, 1983, l986a; Schipp et al., 1986); Octopus dofleini 
(Johansen & 1-luston, 1962); 0. vulgaris (Foti et al., 1985; Wells & Mangold, 1980)]. It 
also has a vasodilatory effect on systemic circulation of the squid Loligo pealei (Bourne, 
1984). Since ACh inhibits the heart, the net result of ACh activity on the total circulation 
of the intact animal would be an accumulation of blood in the peripheral circulation. A 
similar action of ACh has been reported on hem1s in several other molluscs (Krijgsman & 
Divaris, 1955; Hill & Welsh, 1966; Jones, 1983), although many bivalve hearts respond 
with a cardioexcitation, especially at high concentrations, whereas most gastropod hearts 
are inhibited (Greenberg & Windsor, 1962; Greenberg, 1965; Jones, 1983). Greenberg 
( 1965) surveyed the effects of ACh on 39 species of bivalves and was able to distinguish 
both cardioexcitation and inhibition, with no consistency even within a species. In general, 
the heart in most molluscan species was depressed at low concentrations and excited by 
higher concentrations. ACh has an important role as a neurotransmitter and is widely 
distributed throughout the animal kingdom. It is also well known for being the inhibitory 
transmitter substance in the regulation of the vertebrate heart, acting on muscarinic 
receptors (Eckert et al., 1988). 
All tissues innervated by cholinergic nerves possess a high activity of acetylcholine 
esterase (AChE), the hydrolysing enzyme of ACh, which can be measured with different 
techniques. 
Biochemical findings by Loe & Florey ( 1966) demonstrated that various parts of the 
nervous system of Octopus dojleini contained ACh and showed high levels of AChE 
45 
activity. These authors found ACh in the cardiac ganglion and in the nerve innervating the 
branchial heart, and showed ChE activity in the systemic and branchial hearts (Loe & 
Florey, 1966). This was later supported by work on the cardiac organs of Sepia officina/is, 
where AChE was localised in the cardiac ganglion, nerve- and muscle fibres of the gill 
heart (Schipp et al., 1986) and in the cardiac nerve and systemic heart (Kling, 1986). ChE 
activity has been demonstrated in the nervous system of Loligo sp., with low levels in the 
giant axons, mantle- and fin nerves, and high activity levels in the optic ganglia and the 
'head ganglia' (Nachmansohn & Meyerhof, 1941). The brain of L. pealei is a very high 
source of the synthesising enzyme of ACh, cholineacetyl transferase (Nachmansohn & 
Weiss, 1948; Bermanetal., 1953). 
A limited number of experiments with cholinergic agonists and antagonists were carried 
out for the purpose of a more exact determination of the cholinergic receptor type, 
according to \·ertebrate classification (Eckert et al., 1988). In this study, it cannot be 
concluded whether the receptor in the squid gill heart is of the muscarinic or nicotinic type. 
Nicotine, tested on one heart, induced a periodic effect on the beat rhythm from 5xi0' 10M. 
A slightly higher concentration of muscarine (5x I 0'8M) was needed before an inhibitory 
effect was observed. Pilocarpine only showed a moderate effect compared to ACh. This, 
however, might give rise to the question of whether the squid cardiac tissue may contain 
both nicotinic and muscarinic receptors. The blocking experiments with cholinergic 
antagonists did not clarify the receptor type in the squid heart, but tended to support this 
inference. Curare ( 11 X I 0'3!\·1) blocked the inhibitory effect of ACh (5x I 0'5M), indicating a 
nicotinic receptor type. This was contradicted by atropine (3.5x I o·5 and 104 M), which 
also seemed to inhibit the ACh effect, indicating a muscarinic receptor, although TEA had 
no blocking effect. It was, therefore, impossible to classify the receptor type (-s) of the 
squid gill heart, without further studies. Similar experiments carried out on Sepia hearts 
indicated that there was a nicotinic receptor type, as nicotine was shown to have a higher 
receptor affinity than muscarine, with a much lower threshold concentration (Kling, 1983, 
1986a; Schipp et al., 1986). Muscarine also produced a weaker effect on Sepia cardiac 
activity than nicotine. The present results, together with pharmacological experiments and 
demonstrations of enzyme activity in the cardiac organs of cuttlefish and octopus, indicate 
the existence of cholinergic innervation in the branchial heart of Loligo vulgaris and 
L. forbesii. 
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3.4.4 Aminergic innervation 
The aminergic innervation in the Loligo gill heart was also studied, although the results 
were inconsistent so that no fim1 conclusions could be drawn. Adrenaline was ineffective 
in four of the isolated hearts, and the remaining three hearts responded with an increase in 
contraction amplitude when perfused with adrenaline, although at different threshold 
concentrations varying between I o·7 and I o·6M. These effects, however, seemed to be 
rather non-specific, as they differed between the three hearts to which adrenaline was 
applied. For instance, in heart a, 5 mins were needed before an increase in heart beat 
amplitude occurred, and this was at a concentration higher than the maximum 
concentration necessary in Sepia officina/is gill hearts. Furthermore, the strong reduction 
in heart rate was due to a change of the shape of the contraction, where the smaller-sized 
beat of the double beat disappeared. The squid heart showed a lower sensitivity to 
adrenaline, compared to S. officina/is gill heart, where a response was observed at 10"8M 
and a maximum effect at Sx I 0"7M (Fiedler & Schipp, 1990). The application of higher 
concentration of adrenaline to the S. officina/is hea1i caused iiTeversible cardiac standstill. 
Adrenaline has been shown to cause an increase in beat amplitude and rate of the heart 
ventricle of L. pealei in concentrations between I o·9 to I o·5 (no declaration of unit, Bacq, 
1933, 1934). 
Noradrenaline caused a positive inotropic effect or a periodic effect (regular, repetitive 
changes in contraction amplitude and rate), or both, in the majority of experiments on the 
perfused gill hearts. Furthermore, a few hearts did not respond to any application of 
noradrenaline. The threshold concentration for this catecholamine, where responses did 
occur, was very inconsistent, Val)•ing between I 0"9 and I 0"6M. Sepia hearts, on the other 
hand, responded with a strong excitation to NA, with a threshold between 10·8 and Sx I o· 
8M for the gill heart and maximum effect at I 0"6M (Fiedler & Schipp, 1990; Kling & 
Schipp, 1987). One reason for the inconsistent threshold for noradrenaline, and the much 
higher threshold needed for adrenaline, could be due to the high stress in squid kept in 
captivity. Stressed squid might release catecholamines, as found in fish (Randall & Perry, 
1992) and other cardioregulatory compounds that might have affected the cardiac myocyte 
receptors, in contrast to the more adaptable and less active Sepia, in which the 
catecholamine levels may remain low. Furthermore, the observed inotropic effect of NA 
did not seem to be as direct and obvious as that seen in the cuttlefish heart, which also 
might be due to this explanation. There is no literature available on the physiological 
responses to stress in cephalopods. It is known that fish increase their levels of circulating 
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catecholamines during and following a variety of physical and environmental disturbances, 
and that these catecholamines affect the cardiovascular system (Randall & Perry, 1992). 
Noradrenaline has been considered to be the main neurotransmitter used by excitatory 
cardiac nerves, for adrenaline has not been localised in the nervous tissue of cephalopods 
(Kiing & Jakobs, 1987). However, recent studies by Marschinke et al. (1995) have proved 
the existence of adrenaline in the visceral ganglion of Sepia. Therefore, it cannot yet be 
concluded which of these amines, or maybe both, is/are the main excitatory transmitters in 
cephalopod cardiac tissues. 
One explanation for not obtaining consistent results in the present experiments might be 
that the squid heart is not equipped with adrenergic receptors and instead responds to other 
excitatory transmitter substance. Serotonin (discussed below) could be a likely candidate 
as an excitatory transmitter substance, however the result of perfusing the squid heart with 
this indolalkylamine was not a clear excitation. 5-HT has only been shown to be present in 
the brain of cephalopods, including squid (Tansey, 1979). Similarly, dopamine has been 
identified in the brain of cephalopods and many other molluscs, but no dopaminergic 
receptors have been traced in the nervous tissue of Sepia officina/is or Octopus vulgaris 
(Covelli et al., 1981 ). This drug produced only a weak excitatory effect at high 
concentrations on the Sepia heart, and Kling & Jakobs (1987) concluded that dopamine 
was not involved in cardioregulation in coleoids and was, therefore, never tested on the 
squid heart. Recent immunocytochemical studies by Chrachri et al. (1997a) have localised 
fMRFamide in the nerve innervating the branchial hearts of Loligo forbesii, thus indicating 
a possible neurotransmitter role for this peptide, in addition to the hormonal action when 
released into the blood stream from the neurosecretory system of the vena cava (NSV-
system). 
Overall however, it is likely that the squid myocardium contains adrenergic receptors, with 
affinity for adrenaline and/or noradrenaline, although the results from this investigation on 
squid are not, in themselves, conclusive. This inference is supported by i) the excitatory 
effect on the Loligo sp. systemic heart when perfused with adrenaline by Bacq (1933, 
1934) and ii) histochemical findings that proved the existence of catecholamines in the 
CNS of the coleoids (Barlow, 1977; Juorio, 1971; Tansey, 1979) and in the cardiac ganglia, 
cardiac nerves and within the myocardia itself of cuttlefish and octopods (Kiing & Schipp, 
1984, 1986; Kling, 1986b; Fiedler & Schipp, 1991. A catecholaminergic innervation in 
cephalopods would then parallel the cardiac innervation of vertebrates, where adrenaline 
and noradrenaline act as excitators on the cardiac tissue (Ask, 1983). In this respect, 
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however, cephalopods would differ from most other molluscs where serotonin is the main 
excitatory neurotransmitter, although there are some exceptions where an inhibitory effect 
of catecholamines is seen (Jones, 1983). 
3.4.5 Serotonin 
Serotonin is considered the most common cardioexcitator of molluscan hearts. In this 
phylum "5-HT plays an equivalent role to that which the catecholamines, adrenaline and 
noradrenaline, play in the vertebrates" (Walker, 1984). This is supported by the extremely 
high sensitivity of bivalve (Painter & Greenberg, 1982) and gastropod hearts (Smith & 
Hill, 1986) to serotonin, although Greenberg (1965) reported inhibitory effects on several 
bivalve hearts. Serotonin was either ineffective or produced variable responses when 
applied to the isolated Sepia branchial heart (Fiedler & Schipp, 1990). The same was 
found in this study when perfused through a squid gill heart, and so serotonin was 
concluded to be not involved in the regulation of this organ. This effect on the branchial 
heart was in contrast to the effects produced on the systemic heart, where a clear excitation 
was observed (Kiing & Jakobs, 1987). Serotonin has been localised in the CNS of 
cephalopods (Juorio, 1971; Tansey, 1979), although there are no indications of its presence 
in peripheral nerves and visceral organs. including the ventricle (Kiing, 1986b) and the gill 
hearts (Fiedler & Schipp, 1986) of Sepia officina/is. Consequently, either 5-1-H is released 
in vivo into other organs or tissues and reaches the systemic heart via the blood stream or, 
with externally applied serotonin, a mimetic stimulation of an unknown receptor type is 
involved, as serotonin has been shown not to react with the known catecholamine receptor 
type (Kiing & Jakobs, 1987). 
3.4.6 Summary 
I. A limited number of branchial hearts of the squid Loligo vulgaris and L. forbesii were 
isolated, cannulated and inserted into a perfusion system, where the cardiac contractions 
were observed using a pressure transducer. 
2. Cholinergic agonists were applied to the perfusate and their effects were recorded. 
Acetylcholine induced an inhibition of the contraction amplitude and frequency, with a 
threshold concentration of 10"10M ACh. Nicotine induced a periodic modulation of the 
beating pattern at concentrations above 5x 10"10M. Applications of muscarine led to an 
inhibition of the cardiac activity at concentrations above 5x I 0'8M. Pilocarpine showed 
a moderate negative inotropic and weak chronotropic effect, with a threshold at 5* I o· 
49 
9M. These findings indicate the existence of a cholinergic receptor system (-s) in the 
squid gill heart, with nicotinic and/or muscarinic receptors. 
3. The actions of cholinergic antagonists on the squid gill heart were recorded Curare 
(11 x 10"3M) immediately inhibited the effect induced by ACh when applied directly into 
the organ bath. Atropine (3.5x I o-5 and I 04 M) also seemed to block the responses 
produced by ACh. However, TEA (6x104 and 10"3M), did not have an effect on the 
inhibition of the heart produced by ACh. These results imply the existence of both 
nicotinic and muscarinic receptors on the squid gill hearts. 
4. Aminergic agonists were applied to the perfusate and their effects on the cardiac 
contractions were observed and recorded. The catecholamines adrenaline and 
noradrenaline both showed positive inotropic effects, although the threshold 
concentration was variable, between Sx 10"7 to Sx I o·6 M for adrenaline and 10·9 to 10"6M 
for noradrenaline. These results imply an aminergic receptor system may be present in 
the squid gill heart and that the neurotransmitter might be adrenaline or noradrenaline. 
5. Serotonin showed both positive and negative inotropic- and chronotropic effects on the 
cardiac activity, indicating a possible existence of a serotinergic receptor system in the 
squid gill hearts. 
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Ol~apteF 41 I.ELiECTROPHYSIIOLOGY 
4.1 Introduction 
The action potential (AP), the propagated wave of depolarisation, which initiates cardiac 
contraction, is a summation of a cascade of different electrical events taking place in the 
membrane of the cardiac myocyte. The AP is initiated when the membrane potential 
becomes depolarised beyond a threshold; subsequent depolarisation becomes independent 
of the initial depolarising stimuli. The configuration of the cardiac APs varies between 
different heart regions, as each cell type selects its own combination of currents (or 
channels) to suit its specific electrophysiological purpose. The different rising and falling 
phases of the cardiac AP result from the movement of several ions across the myocyte cell 
membrane. These ionic movements, mainly Na +, Ca2+ and K+ (See Section 4.1.2), are 
responsible for both depolarisation and repolarisation of the cell, and for the following 
contraction. 
4.1.1 Action potentials 
Mol/uscan act ion potent ials 
The various action potential waveforms recorded from non-cephalopod molluscan hearts, 
have been divided into three different groups: fast APs, slow APs, and spike-and-plateau 
APs (Jones, 1983) (Fig. 4.1 ). Fast spike-like APs show a rapid depolarisation followed by 
an equally fast repolarisation (Fig. 4.1 A), slow APs show a much slower depolarisation and 
repolarisation than fast APs (Fig. 4.1 B), whilst spike-and-plateau APs show a rapid spike 
followed by a slower plateau (Fig. 4.1 C). Jones (1983) established that the ionic 
dependence of the fast APs, and the spike part of spike-and-plateau APs, were Ca2+ 
dependent, whereas the slow APs and the plateau phase were Na + dependent. This 
situation is more or less opposite to that found in mammalian APs, in which the spike part 
is mainly Na + dependent and the plateau-phase Ca2+ dependent; the exception being the 
pacemaker cells that contain Ca2+ dependent APs (Eckert et al., 1988; Hurst et al., 1990). 
The distribution of the different types of action potentials amongst bivalves was thought to 
be related to taxonomy (Deaton & Greenberg, 1980), but Hill & Yantorno (1979) pointed 
out that two species from the same family had different AP forms. The reason for the 
different types of APs is not known (Jones, 1983 ). 
The only action potential recorded from a cephalopod was made by Hill & Kuwasawa 
( 1990) on the main heart of Octopus hummelincki (Fig. 4.1 D). The APs presented were 
similar to the molluscan 'fast type'. 
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Figure 4.1. Action potentials from molluscan hearts. [Jones, 1983]. A) A fast AP recorded 
in Aplysia califomica. [After Hill & Yantorno, 1979]. B) A slow AP recorded in Mya 
arenaria. [After Deaton & Greenberg, 1980]. C) A spike-plateau AP recorded in 
Dolabella auricularia. [After Hill & Yantorno, 1979]. D) APs recorded in the main heart 
of Octopus hummelincki. [After Hill & Kuwasawa, 1990]. 
4.1.2 Ionic membrane currents 
Ionic channels, found in the membranes of all cells, are transmembrane proteins which, in 
the open conformation, allow the passive flux of different ions across the membrane, down 
their electrochemical gradient, thereby generating currents that can be recorded and 
identified. It is possible to study individual ionic currents in isolation, with rapid and 
uniform control of membrane potential and external/internal solute compositions. In 
addition, different classes of drugs and biotoxins, which interact with ionic channels in a 
potent and highly specific manner, aid understanding of ionic channel structure and 
function. Ionic currents in cell membranes serve a variety of cellular functions, ranging 
from maintenance of cell resting potential to producing electrical and chemical signals 
(Pelzer & Trautwein, 1987). Voltage-clamp studies of vertebrate cardiac cells have 
revealed a complicated pattern of both inward and outward currents (see below); these 
being carried by Na +, Ca2+ and K+ ions, and activated by voltage or a specific ion, 
neurotransmitter or other compounds. In the past, these variable factors have led to the 
description of the electrophysiology of the heart as being 'notoriously complicated' (Pelzer 
& Trautwein, 1987). 
Out\llard currents 
In myocardial preparations of mammals, various K+ currents with different kinetic and 
voltage-dependent properties have been described (lsenberg, 1977; Siegelbaum & Tsien, 
1980; Coraboeuf & Carmeliet, 1982; Kass et al., 1982; Canneliet et al., 1987; Shibasaki, 
1987: Cl ark et al., 1988; Apkon & Nerbonne, 1991; Firek & Giles, 1994). In cardiac cells, 
K+ channels appear to be more numerous and diverse than other types of ion channels 
(Apkon & Nerbonne, 1991 ). The various K+ currents in cardiac cells act to control resting 
membrane potential, action potential waveform, refractoriness and automaticity. 
Several K+ currents have been described in vertebrate cardiac cells, and these may be 
divided into two broad classes: 'voltage activated' and 'ligand activated' currents 
(Carmeliet et a/, 1987). These can be classified further by differences in their kinetics and 
pharmacological sensitivities. Brezina et al. ( 1994a) identified two types of depolarisation 
activated K+ currents in the accessory radula closer muscle of Aplysia californica, together 
with a Ca2+ activated K+ cutTent (Brezina & Weiss, 1995). 
lmmrd currents 
Voltage-dependent Na + currents have been recorded from many vertebrate cardiac 
myocytes (Colatsky & Tsien, 1979; Lee et al., 1979; Brown et al., 1981; Cachelin et al., 
1983; Bustamante & McDonald, 1983; Kunze et al., 1985; Mitsuiye & Noma, 1992; Saint 
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et al., 1992). They have been demonstrated to be of great importance for excitation and 
conduction in most mammalian heart cells (Reuter, 1984; Fozzard et al., 1987). The puffer 
fish toxin, tetrodotoxin (TTX), blocks most Na+ channels selectively, leaving other ionic 
currents untouched (Hi lie, 1992). Some Na + chmmels, however, show a very low 
sensitivity to TTX (Brown et al., 1981; Cache I in et al., 1983; Saint et al., 1992), hence two 
different classes ofNa+ channels are thought to exist, TTX-sensitive and TTX-resistant. 
Ca2+ channels have been found in virtually every tissue type (V assort & Alvarez, 1994). In 
the membrane of heart cells, Ca2+ -selective channels are important for a wide range of 
cellular functions including electrical activity, excitation-contraction coupling, and helping 
mediate neurotransmitter modulation of the heartbeat (Bean, 1985). There is considerable 
evidence for a diversity of different Ca2+ channels in non-cardiac cells (Hagiwara, 1983), 
but it was not until Bean ( 1985) discovered the existence of two different types of Ca2+ 
currents in canine heart cells that further recordings of these two currents were made in 
other cardiac tissues. There arc high voltage activated (I-IV A) L-type currents, and low 
\·oltage activated (L VA) T-type currents. The different currents can be separated on the 
basis of differences in gating, pharmacological sensitivity and conductance. These two 
current types have been recorded from many vertebrate cardiac preparations (Nilius et al., 
1985: Mitra & Morad, 1986; Bonvallct, 1987; Tsien et al., 1987; Hagiwara et al., 1988; 
Balke & \Vier. 1989; Droogmans & Nilius, 1989; Hirano et al., 1989; Kawano & DeHaan, 
1989; Balke el al., 1992). Two types of Ca2+ channel currents have also been identified in 
invertebrate, non-cardiac tissues, such as molluscan neurons (Yamoah & Crow, 1994; Kits 
& tvlansvelder, 1996), starfish eggs (Hagiwara et al., 1975), polychaete eggs (Fox & 
Krasne, 1984) and ciliates (Deitmer, 1984). An L-type Ca2+ current has also been recorded 
from the accessory radula closer muscle of Aplysia californica (Brezina et al., 1994b ). 
Furthermore, Ca2+ currents have been observed in cardiac cells from the freshwater snail 
Lymnaea s/agnalis (Brezden & Gardner, 1992), including one voltage-dependent current 
and three non-voltage gated currents. 
4.1.3 Aims of this study 
Extensive investigations have been performed on the electrical activity of the myocytes in 
vertebrate cardiac tissue. Voltage-clamp studies of vertebrate cardiac cells have revealed a 
complicated pattern of both inward and outward currents, which, in turn, form the action 
potential. Although investigations of APs, and their ionic dependencies, have been 
performed on non-cephalopod molluscs, very little is known about the types of ionic 
currents in invertebrate cardiac myocytes. It is, therefore, of great interest to study the 
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electrophysiology of the heart in this highly advanced mollusc, and compare it to what is 
described in the literature about the vertebrate heart. The aim of this study was to study the 
cardiac action potential and the ionic conductances present in squid cardiac tissue. 
4.2 Material and Methods 
4.2.1 Intracellular recordings 
Experiments were performed on the ventricles of the systemic hearts of the squid 
Alloteuthis subulata. The animal was opened from the ventral side, and the cardiac tissue 
was dissected out, cut into halves and pinned down to the Sylgard base in a perfusion 
chamber, exposing the inside of the myocardium, and then immersed in artificial sea water 
(ASW). 
Conventional intracellular recording and stimulation techniques were used. The heart was 
impaled with a borosilicate glass microelectrode made with a Brown-Flaming puller (Sutter 
Instruments). The pipette was backfilled with 3M KCI and had a resistance of 40-60MQ. 
A silver-silver chloride electrode connected the electrolyte filling the micropipette to the 
input stage of the amplifier (l'viBA 3 78). A second electrode, the stimulation electrode, was 
placed to make contact with the cardiac muscle. Stimulation pulses of minimum strength 
were applied by a stimulus generator (Digitimer 04030, Digitimer Ltd.) via an isolated 
stimulator (model DS2, Digitimer Ltd.) for triggering the action potentials. All signals 
were amplified, monitored on an oscilloscope, and converted into a digital signal by a CED 
140 I plus interface and finally recorded on PC, using SigA vg software (Signal Averager 
v6.04, Cambridge Electronic Design). The data were saved on disk for off-line analysis 
with the same software, before being converted to Sigmaplot (v2.0 I and 4.1 ), format for 
final printing. Interfering electrical noise was reduced by earthing all parts of the 
equipment. Experiments were carried out at room temperature (20-22°C). 
All APs presented here were recorded from the central areas of the ventricle. The ionic 
basis of the depolarisation and repolarisation phases of the action potentials were also 
investigated, using different ionic current antagonists (See Section 4.2.3). 
Attempts to record action potentials from single gill heart myocytes in current-clamp mode 
of whole cell patch clamping, using patch clamp pipettes containing potassium glutamate 
(See Section 4.2.3) were made; however, no action potentials were triggered by the 
application of a depolarising current. Experiments were also performed using isolated gill 
heart myocytes with intracellular microelectrodes, containing either 3M KCI or K-acetate. 
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Unfortunately, the cells contracted when impaled with the pipette and no recording could 
be made. Therefore, whole heart preparations were used. Again, however, no action 
potentials were recorded from the intact gill heart either, although the heart was 
spontaneously contracting. 
4.2.2 Whole cell patch clamping 
Dissociation 
Isolated muscle cells were obtained from branchial and systemic hearts of the squid 
Alloteuthis subulata, Loligo forbesii and L. vulgaris. Animals were killed by decapitation, 
opened ventrally, and the hearts removed quickly and placed in seawater. The hearts were 
cut into small pieces (l-2rmn2) and transferred to nominally calcium-free artificial seawater 
containing 3 mg/ml tr)'psin type Ill (Sigma) and 3 mg/ml collagenase P (Boehringer 
Mannheim). The tissue pieces were maintained in the enzyme solution at 27-28°C for at 
least 20 mins or until the cells started to dissociate. After washing in fresh nominally 
calcium-free ASW, the dissociated heart cells were plated onto alcohol washed coverslips 
in a recording chamber with an external solution of either ASW or TEA-MeS03 (See 
Section 4.2.3). and mounted on a Nikon inverted microscope. Single muscle cells were 
then identified. 
Electrical recordings 
Ionic currents in the cardiac myocytes were recorded under voltage clamp using the whole 
cell patch clamp technique, hence allowing measurements to be made from the whole of 
the cell membrane (Ham ill et al., I 981 ). The basic patch clamp set-up is shown in Figure 
4.2. Patch pipettes were pulled from filamented soda glass capillaries (1.5mm o.d., Clark 
Electromedical Instruments) using a Flaming-Brown micropipette puller (model P-87, 
Sutter Instruments). The pipettes were backfilled with either potassium glutamate or 
caesium aspartate, depending on what current type was to be studied, and mounted on a 
suction pipette holder that provided an electrical connection between the patch pipette 
solution and the head stage of the amplifier, and allowed suction or pressure to be applied 
to the pipette. The head stage was fixed on a Huxley type micro manipulator, which in turn 
was mounted onto a second hydraulic manipulator for coarse movements in three 
dimensions, also providing isolation of hand movements from the preparation. The whole 
set-up was mounted on an anti-vibration table and surrounded by a Faraday cage to reduce 
electrical noise (produced by external laboratory equipment, building electrics etc.). 
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Figure 4.2. Schematic diagram of a patch clamp set-up, showing the different components. 
[After Standen & Stanfield, 1992]. 
The pipettes had a resistance of 3 to 6 MQ in the bath external solution, when backfilled 
with potassium glutamate or caesium aspartate. Following gigaohm seal formation 
between the pipette tip and cell, whole cell mode was achieved by gentle suction, thus 
rupturing the membrane patch separating the internal pipette solution from the cell interior; 
hence, a conductive pathway was established between the pipette and the cell interior. 
Membrane capacitance and series resistance were measured and electronically 
compensated (>80%) using the compensation circuitry of the amplifier, to minimise 
voltage errors. The compensation was made for the large potassium currents only, whereas 
no compensation was made for the inward currents (the small calcium current gave only 
small voltage errors and the sodium current was difficult to compensate due to its fast 
kinetics). Interfering electrical noise was reduced by earthing all parts of the patch clamp 
equipment and, sometimes, also shielding pai1S of the recording set-up, by covering it with 
tin-foil. 
Stimulation pulse protocols were generated by a CED 140I computer controlled laboratory 
interface using the ;Patch and voltage clamp software suite' (Cambridge Electronic 
Design). Pulses were applied for between 60 and 120 milliseconds (ms), between test 
potentials of -130 and+ 11 Om V, with a I 0 or 20m V \'Oltage step increments from a holding 
potential ranging between -40 and -80mV. The membrane currents induced by these pulses 
were sampled with an Axopatch 200A patch clamp amplifier (Axon Instruments) at a rate 
of 18kHz and lowpass filtered at 2kHz. The data were saved on disk for off line analysis 
with the same software. All data are presented using Sigmaplot (v2.0 I and 4.1 ). 
Liquid junction potentials of up to I Om V were measured using a 3M KCl reference 
electrode with either potassium glutamate or caesium aspartate as the internal solution and 
ASW as the external solution. The voltage protocols were corrected for this. The junction 
potential, using TEA-MeS03 as the external solution, was negligible (only of a few mY). 
In all recordings, the non-specific leakage current was subtracted from the active current 
using a standard leak subtraction protocol. All voltage and current records show the results 
from single stimulus presentation. Unless noted, the data presented here represent both 
types of cardiac tissues, i.e. branchial (gill) heart and ventricle, as no differences in ionic 
currents were observed in the tissue types. 
4.2.3 Solutions and drugs 
Nominal calcium-free artificial seawater, used during the dissociation, contained (in mM): 
450 NaCI, 60 MgCb, 10 KC!, 10 Hepes. ASW, used as the external solution, contained (in 
mM): 4 70 NaCl, 50 MgCb, I 0 KC!, I 0 CaCb, I 0 Hepes. In both ASW solutions, the pH 
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was adjusted to 7.8 with NaOH. Tetraethylammonium-methanesulfonate (referred to TEA-
MeS03 in text), used as the bath solution in the study of calcium currents, contained (in 
mM): 450 HMeS03 (methane-sulfonic acid), 30 MOPS. The pH was adjusted to 7.8 with 
TEA-OH. 
Patch pipettes were filled with potassium glutamate (in mM): 470 Glutamic acid, I 0 NaCI, 
4 MgCh, 3 EGT A, 20 Hepes, for the study of outward currents. For the analysis of inward 
currents, caesium aspartate was used (in mM): 500 D-aspartic acid, I 0 NaCI, 4 MgCh, 
3 EGT A, 20 Hepes. The pH was adjusted to 7.4 with KOH and CsOH respectively. 
In all solutions the osmolarity was close to 1000 mOsm, as this is the osmolarity of squid 
blood. Pharmacological agents (Sigma) were used to selectively block ionic currents. 
These include tetrodotoxin (TTX), tetraethylammonium chloride (TEA), 4-aminopyridine 
(4-AP), cobalt (Co2+), nickel (Ni 2+), nifedipine (dissolved in absolute ethanol and stored at 
5°C in the dark) and apamin. Experiments with nifedipine were carried out in dim light 
due to the photosensitivity of the compound. 
4.3 Results 
4.3.1 Intracellular recordings 
Action potentials (APs) were recorded from squid ventricle muscle fibres, usmg 
conventional intracellular recording techniques. Following initial penetration with the 
microelectrode, the resting membrane potential was recorded. This varied widely from 
fibre to fibre ranging between -40 and -90mY, with an average at -58±13mV (n=87). 
Large APs could be evoked from muscle fibres by direct extracellular electrical stimulation 
of the muscle (Fig. 4.3A). In some of the cells, spontaneous smaller and much longer 
duration APs were recorded, without any external stimulation (Fig. 4.38). 
Cardiac APs generated in the squid ventricle were the 'spike' type with a fast rising phase 
followed by a rapid and then a slower repolarising phase; the well known plateau phase in 
mammalian ventricular tissue was not observed. 
Effects of ionic channel antagonists on the action potential 
External application of TTX (I O~tM) to the preparation abolished completely the 
electrically evoked action potential (Fig. 4.4). This observation shows clearly that the 
generation and fast upstroke of APs in squid ventricular muscle fibres results from the 
inflow ofNa+, thereby depolarising the cell membrane. 
Exposure of the preparation to TEA (30mM) affected the repolarisation phase of the cell 
membrane and prolonged the duration of the AP. As can be seen in Figure 4.5, the later 
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Figure 4.3. Action potentials recorded from the ventricle in squid Alloteuthis subulata. 
A) AP evoked by electrical stimulation. B) Spontaneous APs. 
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Figure 4.4. Effect ofTTX on the ventricle action potential in squid A/loteuthis 
subulata. The cardiac AP recorded before (blue) and after (red, dotted) an external 
application of lOuM TTX, showing an abolish ofthe AP after exposing the 
preparation to TTX. 
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.. . .. 
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Figure 4.5. Effect of TEA on the ventricle action potential in squid Alloteuthis 
subulata. The cardiac AP recorded before (blue) and after (red, dotted) an external 
application of 30mM TEA. The figure illustrates a widening of the AP, due to block 
of outward K'" current by TEA. 
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Figure 4.6. Effect of 4-AP on the ventricle action potential in squid Alloteuthis 
subulata. The cardiac AP recorded before (blue) and after (red, dotted) an external 
application of SmM 4-AP. The traces shows a widening of the AP together with an 
increased burst activity, due to block ofiA by 4-AP. 
part of the repolarisation phase was widened, therefore, TEA partly prevented the 
repolarisation of the cell membrane, probably by blocking the delayed rectifier, but also 
most likely the A-current (See Section 4.3.2). The outward K+ current transports positive 
charge out of the cell and, thereby, returns the membrane potential towards its resting 
levels. 
Application of 4-AP (SmM) to the ventricle widened the AP and also induced a high rate of 
spontaneous APs (Fig. 4.6). Hence, by blocking the A-current the repolarisation phase was 
reduced. 
4.3.2 Whole cell patch clamping 
Cell dissociation 
Healthy isolated myocytes had a smooth surface (Fig. 4. 7), they varied in length between 
I 00 and 200pm and in thickness between I 0 and IS~un. The dissociation protocol 
produced sufficient viable myocytes for the experiments but there was considerable 
variation in yield even when using identical protocols and enzymes. 
Cell and recording parameters 
Input resistances of the membrane seals obtained in the whole cell mode were between 
0.5 and 5 GQ. Whole cell capacitances were in the range of I 0 to 90 pF with an average of 
41 ± 19 pF (mean± SO, n=l44). These capacitances are quite large, indicating a large cell 
membrane surface area and, in some cases, this could interfere with achieving a complete 
space clamp. Series resistances were usually between 3 and 46 MQ, with a mean of 14 ± 6 
MQ (mean± SO. n=l40). 
Ionic membrane currents 
Outwardly and inwardly directed whole cell membrane currents were evoked by 
depolarising voltage steps from a holding potential of -60mV (Fig. 4.8A). By convention, 
outward curTents were considered positive and are shown as upward deflections, while 
inward currents are considered negative and are shown as downward deflections. The fast 
inward cutTent is shown in greater detail in Figure 4.88. The current-voltage (1-V) 
relationship, where the peak current amplitude is plotted against the test potential, shows 
that both currents were activated at -40mV, the inward current reaching its maximum at 
-I Om V and decreasing \vith further depolarisation (Fig. 4.8C). The outward current 
increased with the voltage up to 50m V, at which point the characteristic N-shape (decrease 
followed by an increase) was seen. No steady-state level was reached during the 120ms 
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Figure 4.7. Isolated muscle cell fi:om the cardiac tissue in squid. Scalebar = 200!-J.m. 
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Figure 4.8. Whole cell membrane currents recorded from a squid cardiac myocyte. 
A, B) Ionic current traces evoked by depolarising steps to voltages between -30 and 
+90m V, as indicated to the right of each trace, from a holding potential of -60m V, as 
shown in the protocol below the current traces. C) Current voltage (1-V) relationship 
with the peak current amplitude plotted against the test potential for the current traces in 
A, displaying an inward (red) and an outward (blue) current. 
voltage step. These two ionic currents were identified respectively as an inward sodium 
current and an outward potassium current. 
• Outward currents 
The outward current was activated by depolarising voltage steps from a holding potential 
of -60m V in all examined muscle cells using potassium glutamate in the patch pipette. 
This current was most likely carried by potassium ions. The current appeared at potentials 
more positive than -40mV and increased in amplitude with further depolarisation (Fig. 
4.9A). In the majority of the cells, this current could be separated into two different 
components, a slowly activating delayed rectifier (h;) and a rapidly activating A-current 
(lA)- Two distinct methods were used in this separation. Firstly, the separation was done 
pharmacologically, as the I" current is much more sensitive to 4-aminopyridine (4-AP) 
than the I.-: current (Thompson, 1977). The IA current was abolished completely when 
2mM 4-AP was added to the bath solution, leaving only the I.-: current (Fig. 4.98). 
Computer subtraction of the outward current before and after 4-AP application showed the 
total current blocked by the drug (Fig. 4.9C). Secondly, the separation was done on the 
basis of the voltage sensitivity of the cell. or, more specifically, on the basis of the voltage 
dependent inactivation of 1_.1 current, as illustrated in Figure 4.1 OA (Connor & Stevens, 
197lb). The total outward K+ current was recorded at a series of test potentials, where the 
cell was clamped at -70mV. when both I.-: and 1,1 were observed. The cell was then held at 
a holding potential of -40m V, a potential that completely inactivated the IA current, leaving 
the I.-: current only. Subtraction of the k current from the total outward current revealed 
the I" current. The current-voltage relationship of this voltage sensitive current, 
(Fig. 4.1 OB). was similar to that obtained for the 4-AP sensitive transient (Fig. 4.90) and 
was often described in the same cell. 
The sustained delayed rectifier showed no inactivation during the test pulse of 80ms, 
whereas the A-cuiTent decayed during the maintained depolarisation. The activation of lA 
was rapid, peaking within I Oms in the myocytes, and then declined over the remainder of 
the voltage step, with a portion of the current remaining at the end of a 80ms depolarisation 
period. Estimates of the time constant of the decay of lA were obtained by fitting a single 
exponential to the falling phase of the current. The time constant for LA was 54.3±3. I ms 
(n=3) at a testpotential of70mV. 
Tetraethylammonium (TEA) blocks many different types of K+ channels, although in some 
cells the delayed rectifier is known to be more sensitive to block by TEA than the A-
cuiTent (Hille, 1992). It should, therefore, be possible to separate the two components in a 
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Figure 4.9. Pharmacological separation of the outward K+ current into IK and IA. Whole 
cell currents recorded from squid heart myocytes. The current was evoked during a 80 ms 
depolarisation pulse to voltages between -20 and +80 mV, from a holding potential of 
-60 mV, as indicated below the current traces. A) Contro~ total outward current, which 
could be separated into two components, a delayed rectifier, IK and an A-current, IA. 
B) Bath application of 4 mM 4-AP suppressed the A-current, leaving only the delayed 
rectifier. C) Subtraction of the delayed rectifier (B) from the total current (A) to show 
the isolated 4-AP sensitive A-current. D) Current-voltage relationship with the peak 
amplitude plotted against the test potential of the total outward current (blue), A-current 
(green) and delayed rectifier (red). 
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Figure 4.10. Voltage separation of the outward K+ current into IK and h . A) Whole 
cell membrane currents evoked by a depolarising voltage step to + 70m V from a 
holding potential (hp) of either -70 or -40m V, as indicated next to each trace. The 
trace labelled ' hp -70m V' shows the total outward current; the trace labelled ' hp -40 
mY' shows the current when the A-current was inactivated, leaving only the delayed 
rectifier, k Computer subtraction of the trace ' hp -40m V' from the trace ' hp -70m V' 
t M. tyw_ lk1?t ~4 M I dA'f( tr(JllJ. I . 
shows the isolated A-current, IA. B) I-V relationship ofthe currents recorded from a 
hp of -70mV (blue), -40mV (red) and the difference between them (green). 
similar way to the method described above, which used either 4-AP or voltage dependence. 
Separation of K+ currents by external applications of TEA has been reported for vertebrate 
cardiac myocytes (Apkon & Nerbonne, 1991) and invertebrate neurons (Chrachri, 1995). 
In the present study, TEA was added to the external solution bathing the cell and its effect 
on the outward current was recorded. Figure 4.11 shows the results from a representative 
gill heart myocyte, in which ISOmM TEA suppressed the total outward K+ current by about 
68% (Fig. 4.11 B). After a further application of ISOmM, the current was reduced by 87% 
(Fig. 4.11 D). The current sensitive to ISOmM TEA, detern1ined by subtraction of current 
before and after drug application, is shown in Figure 4.11 C. Instead of a separation, both 
the IA and h: currents were reduced (Fig. 4.11 D). 
Figure 4.12 shows the recordings from a ventricle myocyte. After blocking the lA 
component by adding 4-AP (4mM) to the external solution to obtain the h: component 
(Fig. 4.128), TEA was applied and its effect on the delayed rectifier was recorded. TEA 
(SOmM) suppressed this current by about 60% (Fig. 4.12D) and, after application of a 
further 60mM, more than 80% of the current was blocked (not shown). Figure 4.12E 
displays the current voltage relationship for the outward K+ current before and after the 
application of 4-AP and TEA, and the 4-AP sensitive current. 
A third outward component, shown as a peak in the current traces (Fig. 4.13A), was found 
in about half (n=40) of the examined muscle cells. This current became more apparent 
when the cell was held at -40m V, with the lA current inactivated. The 1-V plot in Figure 
4.13C for the total outward current shows the characteristic dip, or N-shape, usually 
indicative of a calcium-activated potassium current (IK(CaJ) (Heyer & Lux, 1976). If the 
current recorded here was IK(Cah then this current would be dependent on an increase in 
intracellular calcium and hence the inward calcium current (discussed below). One way to 
test this theory was to add 4mM cobalt (Co2+), a calcium channel blocker, to the external 
bathing solution. This did abolish the dip (Fig. 4.138). Computer subtraction of the 
current before and after the application of Co2+ revealed the Co2+ sensitive current, or, 
more specifically, the calcium activated potassium current, which is clearly seen in the I-V 
plot in Figure 4.13C. A second way to characterise this component was to add apamin, a 
specific IK(Ca) channel blocker. Figure 4.14 illustrates the current-voltage relationship for 
the outward K+ current before and after application of I0-5M apamin. Apamin, like Co2+, 
abolished the N-shape as seen in the I-V plot. The isolated Ca2+ activated K+ current 
(Fig. 4.13C) appeared at potentials more positive than -40m V, when the intracellular 
concentration of Ca2+ increased due to the opening of voltage dependent calcium channels. 
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Figure 4.11. Effects of TEA on the outward K+ currents. Whole cell currents recorded 
from a gill heart myocyte of squid in response to membrane depolarisations to voltages 
between -50 and +90m V, from a holding potential of -60m V, as shown in the protocol 
below the current traces. A) Control, total outward current. B) External application of 
150mM TEA drastically suppressing the outward current. C) The TEA-sensitive current 
obtained by subtracting the TEA insensitive current (B) from the total outward current 
(A). D) External bath application of totally 300mM TEA nearly completely blocked the 
outward current. E) Peak current voltage relationship of the total outward K-.- current 
before (blue) and after application of 150mM (red) and 300mM TEA (dark green). 
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Figure 4.12. Effects of TEA on the outward IK current. Whole celJ currents recorded 
from a ventricular myocyte of squid in response to membrane depolarisations to voltages 
between -10 and +90mV, from a holding potential of -60mV, as shown in the protocol 
below the current traces. A) Control, total outward current. B) Block of lA by the 
external application of 4-AP, leaving only the delayed rectifier, k C) Computer 
subtraction of the IK current (B) from the total outward current (A), displaying the 
A- current, lA. D) Bath application of 50mM TEA suppressed the delayed rectifier by 
more than half its size. E) Peak current voltage relationship showing the total outward 
current (blue), the 4-AP sensitive current, IA (red), the 4-AP insensitive current, IK (green) 
and the current after TEA application (pink). 
A 
B 
c 
-------1J2M 
st~: -40 to +lOOm V 
hp-50mVn 
20ms 
,....... 
< 
t:l 
'-" 
... 
t:l 
Cl) 
..... 
..... 
::s 
u 
5 
4 
3 
2 
1 
• control 
• Co2+ 
• isolated Co2+ 
sensitive current 
-80 -60 -40 -20 0 20 40 60 80 100 
Membrane potential (m V) 
Figure 4.13. Characterisation of a Ca2+ activated K + current by external application of 
Co2+. Whole cell currents from muscle cells of the squid cardiac tissue in response to 
membrane depolarisations to voltages between -40 m V and + 100 m V from a holding 
potential of -50 m V during an 80 ms pulse, as shown in the protocol below the current 
traces. A) Total outward current with a third component appearing as a peak in the 
current traces. B) The effect of 4 mM Co2+ on the total outward current, abolishing the 
peak observed in A. C) Peak current-voltage relationship of the total outward current 
before (blue) and after (red) application of Co2+. The Co2+ -sensitive current (green) was 
then obtained by subtraction of the Co2+ -insensitive current (B) from the total outward 
current (A). 
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Figure 4.14. Separation ofthe Ca2+activated K+ current from the total outward current by 
apamin. Peak current-voltage relationship of recordings from a squid cardiac myocyte, 
showing the total outward current before (blue) and after application of apamin (red). 
10-5M apamin abolished the characteristic N-shaped I-V curve, indicative of a calcium 
activated potassium current. 
The Ca2+ activated K+ current peaked between +20 to +40mV and then decreased with 
further depolarisation due to inactivation of the calcium channels. 
• Inward currents 
Inward currents were studied using caesium aspartate in the patch pipette to block the large 
outward potassium currents. Three different voltage activated inward currents (a sodium 
current and two calcium currents) were observed in the cardiac myocytes. 
Sodium current 
Records of a rapidly activated and inactivated voltage-dependent inward current are shown 
in Figure 4.15A. This fast. transient current reached its peak within a few ms of the start of 
the depolarisation and was completely inactivated after 16ms, when the test pulse was 
-20mV. As shown in the 1-V plots (Figs. 4.8C and 4.15C), the current appeared at 
potentia Is more positive than -40 m V, reached a maximum at about -I 0 m V and then 
decreased with further depolarisation. The time course of inactivation could be fitted with 
a single exponent of 1.04±0.21ms (n=4) at a test potential of -I OmV. This inward current 
was interpreted as a Na + current on the basis of three, previously well accepted criteria. 
Firstly. it was completely blocked by the addition of tetrodotoxin (TTX, 3~tM) to the 
external bath solution (Fig. 4.158). TTX is a well known blocker of Na +currents in many 
different types of cells (1-lille. 1992). Secondly, the current was also inactivated when the 
cell was clamped at a holding potential of -40m V, typical of Na + currents (not shown) 
(Connor & Stevens, 1971 a). Thirdly, the current was abolished when the sodium in the 
external solution was replaced by choline (not shown). This Na+ current was only observed 
in a minority of the examined cells. 
Calcium currents 
The second inward current was a smaller voltage activated current. This current was 
observed in TEA- MeS03 with I OmM Ca2+ or ASW as the bath solution, and containing 
TTX to block any sodium currents. This second inward current activated more slowly than 
the Na+ current and was maintained throughout the 60ms voltage step (Fig. 4.16A). The 
time constant for the inactivation was 34ms at a test potential of -IOmV. This sustained 
inward current was most likely to be carried by calcium ions, because the current increased 
in amplitude after adding barium (Ba2+, 3 mM) to the bath as seen in Figure 4.168. This is 
a well knm\11 property of most Ca2+ currents, as Ba2+ is more permeant through these 
channels than Ca2+ (Hille, 1992). The current was also blocked by adding 4mM Co2+, a 
calcium channel blocker, to the bath (Fig. 4.16C). The current voltage relationship 
illustrates that the current appeared at a potential more positive than -40m V, reached its 
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Figure 4.15. Effects of TTX on the inward Na+ current. Whole cell Na+ current from 
squid heart muscle cells in response to depolarising voltage steps between -30 and +70mV 
from a holding potential -70 m V, as shown in the protocol below the current traces. 
A) Control, showing the inward Na- current. B) Bath application of externally applied 
3j.!M TTX, resulting in a total block of the inward current. C) Peak current voltage 
relationship for the peak inward Na· current before (blue) and after (red) application of 
TTX. 
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Figure 4;16. Effects on Ca~+ cuffent by Ba2+ and·nifedipine: Whole cell membrane currents recorded in 
squid heart. myocytes. The- cell. was !:relet. at -60- m¥ and-stepped for 6() ms to potentials between 
-20 mY and·. +4(} mY, as indicated- below the:ClliL_eni. traces. A) Control, total inward .current with Ca2+ 
as the charge caFrier. B) The inward Ca2+ current was- incrtmsed-by the application of 3mM Ba2+ to the 
external solution. C) External application of 10 ~ nifedipine abolished the inward Ca2+ current. 
D) Current voltage relationship. for the peak inward currents with Ca2 ' (blue} and Ba2+ (red) as the 
charge carrier, and after application ofnifedipine (green). 
maximum at approximately Om V, and decreased with further depolarisation and was 
identified as a high voltage activated (HV A) Ca2+ current (Fig. 4.16D). Furthermore, this 
current was also blocked by external application of nifedipine (I OJlM). High sensitivity to 
this dihydropyridine is one of the defining criteria for a special class of HV A Ca2+ cutTents, 
suggesting that it was an L-type Ca2+ -current (Ic •. L). 
In recent years, experiments have shown that two different classes of calcium currents exist 
in vertebrate cardiac tissue, these being the classical sustained L-type current described 
above, and a low voltage activated (L VA) T-type calcium current. An investigation was 
undertaken to study this second type in squid heart myocytes, with the results 
demonstrating the presence of both current types in this marine invertebrate. The two 
classes of Ca2+ currents were distinguished from each other mainly on the basis of 
differences in kinetics. When the cell membrane was held at -80mV, an early activating 
part appeared at depolarising test potentials of between -70 and -I Om V (Fig. 4.17 A, left 
panel, traces display between -40 and Om V). A prominent shoulder or hump (arrow) is 
seen on the IV plot at the potentials between -60 and -I Om V (Fig. 4.178). When the cell 
was clamped at -60mV, voltage steps up to -20mV did not activate the low threshold 
calcium current, only the sustained L-type current was observed (Fig. 4.17 A, middle 
panel). Test pulses to -20m V and to more depolarised voltages, from both holding 
potentials, generated the conventional sustained L-type calcium current. By subtraction of 
the total current at -60mV from the total current at -80mV, a small inward calcium 
current was isolated (Fig. 4.17 A, right panel). This current operated over a more negative 
voltage range than the L-type, and was, therefore, identified as the low voltage activated 
T -type Ca2+ current. This current was activated at about -60m V and peaked between -40 
and -30m V (Fig. 4.178). The T-type current inactivated quite rapidly with time constants 
of 4 to 16ms at potentia Is between -40 and Om V. This LV A current was much smaller than 
the HV A L-type, with a peak current being 18±8% (mean±SD, n=32) of the size of the 
L-type. 
Once recognised as being present in these cells, both components were observed in the 
majority of the investigated myoC)1es (n=48), although some of them only displayed the 
L-type current (n=7). Figure 4.18A shows a representative I-V relationship for the L-type 
current in these cells. Moreover, a few of the examined muscle cells (n=6) contained only 
the LVA T-type current (Fig. 4.188). When such a cell was held at -80mV, a small inward 
Ca2+ current appeared between -70 and Om V, whereas clamping the cell at -40m V only 
revealed an outward leakage current. Ba2+ was added to the external solution of one of 
these cells, where only a T-type current was observed, to examine whether any existing 
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Figure 4.17. Voltage separation ofthe Ca2+ current into an L-and T-type. Whole cell membrane 
currents recorded from a heart myocyte of squid in response to membrane depolarisations to 
voltages between -40 and Om V as indicated next to the traces, from a holding potential of -60 or 
-80mV A) Currents recorded from a hp of -80mV (left panel) and -60mV (middle panel). An 
inward current was observed already at test potentials from -50mV, when the cell was held at 
-80mV, whereas when the cell was clamped at -60mV, the current did not appear until -30mV. 
Subtraction of the current at hp-60mV from the current at hp-80mV isolates the early activating 
part (low voltage activated T-type current) (right panel). B) Peak current voltage relationship for 
the total inward Ca1 current when the cell was held at -80mV (black), displaying both T- and L-
type components, and when the cell was held at -60m V, inactivating the T -type and therefore 
showing only the L-type (red). The T-type was obtained by subtracting the L-type from the total 
inward current (blue). 
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Figure 4.18. Recordings of squid cardiac myocytes with either L- or T -type Ca2+ current. A) Peak 
current voltage. relationship for muscle. cell expressing onl.}' Lhe.HV AL-Lype. currenL No differences in 
current amplitudes were observed when the cell was clamped at -80 (blue) and -40mV (red). B) I-V 
plot for amyucyt.e. expr~only the. LV A... T -type currenL An inward current was observed belween 
test potentials of -70 and OmV when the cell was held at -80mV (blue). No inward current was 
recorded at a holding. potential. of -40m V (red)_ C) Whole. ceJl membrane. currents. (for same cell as B) 
evoked by depolarising voltage steps to potentials between -60 and OmV, as indicated. From a holding 
potential of -8Qm V (left panel} these vqltage steps activated a small inward T -type Ca2+ current, 
whereas when. the. cell wa& h.eld al -40m V (right panel) no inward current was obs.erved. 
L-type channels could be seen, as Ba2+ increases the amplitude of most currents carried by 
calcium. However, no L-type channels were present in this cell, and Ba2+ was not found to 
affect the amplitude of the T -type current (not shown). 
Nickel (Ni2+) has been reported to suppress the LVA T-current more effectively than the 
HV A L-type Ca2+ current, although both currents can be reduced in some cardiac 
preparations (Mitra & Morad, 1986). In some experiments in this study, 40pM Ni2+ was 
added to the external solution bathing the myocyte. This concentration of Ni2+ totally 
blocked the T-type current, whereas the L-type current was unaffected or only slightly 
reduced by the addition of Ni2+ (Fig. 4.19). These results support further the finding that 
two different classes of Ca2+ currents are present in squid heart muscle cells. 
The effect of the dihydropyridine nifedipine on both Ca2+ currents is shown in Figure 4.20. 
From a holding potential of -70m V, a depolarising step to -40m V elicited a T -type current 
that was 30% suppressed by a concentration of I 0~1M nifedipine, and 58% suppressed at 
20~1M nifedipine (Fig. 4.20Aa). With a voltage step from -70mV to OmV, where only the 
L-type current is seen, I 0~1M of the drug reduced the amplitude of this current by 28%, and 
with 20~1M nifedipine by 49% (Fig. 4.20Ab). The remaining current in Figure 4.20Ab 
could be part of the L-type current that has not been blocked by this concentration of 
nifedipine. By changing the holding potential to -40m V (to inactivate the T-type current) 
the effect of nifedipine (I 0~11\'1 and 20pM) on the L-type current in this cell is shown in 
Figure 4.20Ac. A concentration of I 0~11\1 of the Ca2+ antagonist reduced the current 
amplitude by 3-1%. whereas 20~11\1 nifcdipine blocked the current almost completely. 
Subsequently. the block of L-type currents appeared to be both voltage dependent, with an 
increased block obtained from less negative holding potentials, as well as dose dependent. 
Figure 4.208 shows the 1-V plot for control conditions and with I 0 and 20pM nifedipine 
present, at the two different holding potentials. The L-type current was blocked almost 
completely by 20~11\1 nifedipine from a holding potential of -40mV, whereas the block was 
less complete when clamping the cell at -70m V. As seen in Figures 4.20Aa and 4.208 the 
T-type current also showed a sensitivity to nifedipine; this was not expected. 
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Figure 4.19. Effects of Ni2+ on Ca2~ currents in squid cardiac myocytes. Peak current 
voltage relationship from a squid cardiac muscle cell showing_ the suppressing effect of 
40J.tM Ni2+ on the T-type current. Total inward current at hp -80mV (blue), displaying 
both the T- and L-type Ca2+ current. Bath apptication of 40J..1M Ni2+ completely blocked 
the initial T -type current and the remaining- current was only the L-type Ca2+ current. 
Figure 4:20. Effects of nifedipine· on· inward ·Ca2+ currents in. squicl cardiac myoc:ytes. 
A') Whole •cell membrane cunents from a· ·squid :heart mllscle ·cell,, e\lokedl !by depolarising. 
voltage steps to a) -40mV, b) OmV, 11-om a .holdi!1g j>Qtential of -70mV, ·and to .c)·OmV 
from a hp ·of -40mV, in response to bath applications of 10 and 20J1M nifedipine. 
a~ The suppressing effect ofnifedipine on the T-type current 'b) lllie suppre~sing effect by 
20~tM nif~dipine·on the L-t)1>e cun:ent, showing a 50% reduction ofthe·current c): .The 
suppressing effect ofnifedipine on the L·t)'J>e current from a hp .of•40mV, showi11g a, nearly 
complete !?lock by 20~tM. B·) Peak current voltage ·relationship for above currents; 
ijlustrllting the redtlction on both T- and I L-type ·currents by uife<,lipine. 
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4.4 Discussion 
4.4.1 Intracellular recordings 
This part of the study concentrated on the physiological roles of the different ionic currents 
present in squid heart cells. 
Action potentials 
The resting potentials recorded in the squid ventricle have a similar range to those observed 
in other molluscan hearts (between -40 and -60mV) (Jones, 1983). The action potentials 
produced by squid ventricles were of a fast spike-like type, with a rapid upstroke followed 
by two repolarisation phases, one fast and then a final, slightly slower phase. They had a 
similar shape to the APs recorded from Octopus hummelincki ventricles (Hill & 
Kuwasawa, 1990), although the squid APs were much faster (milliseconds compared to 
seconds). Various action potential types have been recorded from molluscan hearts, such 
as fast APs, slo\\. APs and spike-and-plateau APs (Jones, 1983). The squid APs recorded 
in this study partly resembled the fast spike-like APs seen in other molluscan hearts, 
although the squid APs had a faster rising phase. Jones (1983) described the ionic 
dependencies of molluscan APs; the fast APs, and the spike part of spike-and-plateau APs, 
appeared to be Ca2+ dependent, whereas the slow APs and the plateau phase appeared to be 
Na +dependent. In the present study it was shown that the fast upstroke of the AP was Na + 
dependent, as application of TTX completely abolished the AP. The difference in ionic 
dependence of the APs may be related, as shown in the mammalian heart, to the differences 
in the configuration of the cardiac action potential between different regions of the heart, as 
each cell type selects its 0\\"11 combination of currents (channels) to suit its special purpose. 
In this investigation. APs were recorded most probably from only one type of ventricle cell, 
but this does not exclude the possibility that there are other AP types in other parts of the 
heart; for examples pacemaker cells in the auricle-ventricle region. Applications of TEA, 
and 4-AP, affected the repolarisation phase of the AP. TEA widened the AP, particularly 
the later part, whereas 4-AP broadened the whole of the repolarisation phase together with 
an induced rate of firing. Both these agents block K+ channels. A prolongation of the AP 
caused by TEA has been shown in other cell types from the squid, such as the giant axons 
(Tasaki & I-Iagiwara, 1957) and also in vertebrate cardiac cells (Kenyon & Gibbons, 
1979a). The delayed rectifier is known to be involved in the late phase of repolarisation of 
APs (Latorre et al., 1984, Apkon & Nerbonne, 1991 ), therefore, blocking this current 
prevents the repolarisation of the cell. The shortened interval between the APs produced 
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by 4-AP thought to be affected by the block of the A-current, as described in molluscan 
neurons (Connor & Stevens, 1971 b). 
4.4.2 Whole cell patch clamping 
Cell dissociation 
It is well known that there is no common protocol for cell dissociation for specific tissues 
(eg. heart), from different animal groups. Hence, a specific protocol has to be developed 
for each tissue for each different animal. A protocol for the dissociation of gill cardiac 
tissue in squid Loligo vulgaris and L. forbesii was developed during a previous project 
(Odblom, 1993). In the present study, this protocol was optimised to give a higher 
proportion of healthy cells, although the quality of the isolated myocytes still varied from 
day to day. The only variable parameter in the collection of the myocytes was the animal, 
with experimental procedures being carefully controlled and accurately repeated (e.g., 
enzyme, temperature, dissection procedure). The condition of the animals varied, from 
being very healthy-looking and active to being very poor (skin diseases) and less active. 
However, a direct correlation between the state of the animal and the quality of the cells 
was not apparent. A further interesting observation was made when comparing the use of 
identical chemical enzymes but of different manufactured batches. Although it was the 
same enzyme, discrepancies were found with the collagenase P enzyme batches, with no 
obvious reason for any differences being offered by suppliers or manufacturers. The action 
of the different batches differed significantly, some being more effective in the dissociation 
than others. Furthermore, the developed protocol worked better for animals of the species 
Loligo than for Alloteuthis. Isolated cells from A/loteuthis were often found to be damaged 
or not healthy enough for patch clamping, although in most cases a few muscle cells from 
each dissociation were patchable. The same dissociation protocol was used to isolate 
ventricle nwocytes. Healthy muscle cells were obtained, but many of these showed 
spontaneous contractions, making it more difficult to patch them, as the movements often 
disrupt the seal. 
Ionic currents 
This study is the first comprehensive investigation of the ionic conductances in the cardiac 
tissue of an invertebrate. These experiments have shown that the heart tissue of squid can 
be separated into single myoeytes by enzyme treatment and that ionic currents can be 
recorded from these isolated cells using the whole cell patch clamp technique. Six 
different ionic currents were identified and described, three outward potassium currents, a 
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fast inward sodium current and two inward calcium currents (Odblom & Williamson, 
1995; Odblom et al., 1997, submitted). 
Potassium currents 
The main outward current in squid myocytes was identified as a large potassium current. 
This current was activated by test pulses more positive than -40 mV from a holding 
potential of -60 m V, and increased in amplitude with further depolarisation. The overall 
K+ current consisted of two main components, the delayed rectifier, I~o: and the A-current, 
lA. These two voltage dependent currents were distinguishable on the basis of their 
pharmacological sensitivity to 4-AP and by their voltage dependent inactivation, as 
described previously in detail in molluscan neurons by Connor & Stevens (197la,b) and 
Thompson (1977). The characteristics of these two K+ currents found in squid heart cells 
are similar to those described in other heart tissues. A transient outward K+ current 
sensitive to 4-AP has been found in a variety of vertebrate cardiac tissues, including 
mammals (Kenyan & Gibbons. 1979b; Coraboeuf & Carmeliet, 1982; Escande et al., 1987; 
Kenyan & Sutko. 1987; Giles & lmaizumi. 1988; Apkon & Nerbonne, 1991; Firek & 
Giles, 1994). The delayed rectifier current has been identified in other squid tissues, such 
as the giant axon (Tasaki & 1-lagiwara, 195 7) and the statocyst (Williamson, 1995). 
Furthermore, this K+ current has also been reported in the cardiac tissue of mammals 
(McDonald & Trautwein, 1978; Shibasaki, 1987; Giles & lmaizumi, 1988; Dcnyer & 
Brown, 1990). A delayed rectifier has been identified in the ventricle of the freshwater 
snail Lymnaea stagna/is (Brezden & Gardner, 1992). The delayed rectifier and the 
A-cunent have previously been described in the accessory radula muscle (ARC) of Aplysia 
califomica (Brezina et al., 1994a) and the buccal mass retractor muscle of Philine aperta 
(Dorset! & Evans, 1991 ). 
Pharmacological block of the current by TEA, a well known K+ channel blocker (Hille, 
1992), was also studied on these large outward currents. No pharmacological separation of 
the lA and h: currents was obtained using TEA, although such separation was achieved in 
vertebrate cardiac tissue (Apkon & Nerbonne, 1991 ), molluscan ARC muscle (Brezina et 
al., 1994a) and invertebrate neurons (Chrachri, 1995). The latter preparations showed that 
the delayed rectifier was more sensitive to block by TEA than the A-current, hence, a 
separation was achieved similar to the above described separation with 4-AP. In the 
experiments with squid gill heart myocytes, TEA suppressed both components of the 
K+ cuJTent; this type of response has been reported for some other cell types. For example, 
both the transient (1_...) and sustained (IK) currents were reduced after the external addition 
of 50 mM in squid hair cells (Williamson, 1995). Application of 50-1 OOmM TEA to 
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gastropod neurons completely blocked the delayed rectifier, whereas the A-current was 
reduced by 50% (Connor & Stevens, 197la). Similar results were obtained in nudibranch 
neurons. Thompson (1977) found that I OOmM TEA totally blocked the delayed rectifier 
and depressed the A-current by 50-60%. The same findings were also reported for the 
mammalian ventricle, where IA was reduced by TEA (Kass et al.. 1982). Experiments, 
carried out to study the effect of TEA on the delayed rectifier in squid ventricle, showed 
that the IA was blocked by 4-AP, leaving only the IK, which in turn was reduced by 60 and 
82% after an application of 50 and 60mM TEA, respectively. 
A third outward potassium current, also identified in this study, was characterised as a 
calcium activated potassium current (IK(Ca} or C-current) on the basis of its I-V plot 
(Thompson, 1977) and its sensitivity to the Ca2+ channel blocker Co2+ and the IK(Ca} 
channel blocker apamin. This current was dependent on the entry of calcium ions tluough 
calcium channels, accumulating free Ca2+ in the cytoplasm, which in turn would activate 
these K+ channels. Hence, the current was also indirectly voltage dependent, from the 
voltage dependence of Ca2+ entry. Calcium activated potassium currents have also been 
described in many other preparations, including vertebrate cardiac tissue (Siegelbaum & 
Tsien, 1980; Coraboeuf & Carmeliet. 1982; Kenyan & Sutko, 1987; Tseng et al., 1987; 
Giles & Imaizumi, 1988). and molluscan non-cardiac tissue (Aplysia californica; Brezina 
& Weiss, 1995; Phi/ine aperta. Dorsett & Evans, 1991). 
Sodium current 
A fast inward sodium current was identified in the cardiac myocytes of squid. It was 
activated immediately after the onset of the command pulse, reached a peak within a few 
ms and was inactivated after about 16ms, at a -20m V voltage step. The current showed a 
faster activation when evoked by more depolarised voltage steps, suggesting that the cell 
was not always adequately clamped. The current was activated by voltage steps more 
positive than -40 m V and reached a peak around -20m V. The shape of the current voltage 
relationship, inactivation at holding potentials of -40m V and sensitivity to TTX, were 
similar characteristics to sodium currents described in other cephalopod cells (Williamson, 
1995). Fast sodium currents, with similar kinetics and pharmacological sensitivity, have 
also been repor1ed in vertebrate cardiac tissues (Brown et al., 1981; Bustamante & 
McDonald, 1983; Cachelin et al., 1983; Kunze et al., 1985; Fozzard et al., 1987; Seyama 
& Yamaoka, 1988; Denyer & Brown, 1990). Molluscan ARC muscle fibres appear to lack 
fast Na currents; this is consistent with their inability to generate fast APs (Brezina et al., 
1994b). 
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Calcium currents 
Two types of calcium currents were identified in the squid heart myocytes, the classical 
high voltage activated (HV A) L-type current and the much smaller, low voltage activated 
(LV A) T -type current. 
The L-type current was activated at test pulses more positive than -40mV, from a holding 
potential of -60mV, reached its peak between 0 and -IOmV, and decreased with further 
depolarisation. This current was enhanced by the addition of Ba2+ to the external medium, 
an ion that is highly permeable through certain types of calcium channels, like the L-type 
(Hille, 1992). The Ba2+ current more than doubled the size of the Ca2+ current in squid 
cardiac myocytes. In addition, the current was totally blocked by addition of Co2+ to the 
external medium, which is also characteristic of these types of channels. Different 
concentrations of other divalent transition metals, for instance Cd2+, Mn2+ and Ni2+, also 
block calcium channels and, as seen in this study, the latter was used to distinguish the 
HV A L-type current from the LV A T -type. Another defining criterion for L-type Ca2+ 
channels is their high sensitivity to blockage by I ,4-dihydropyridines, including nifedipine 
(Bean, 1985; Nilius et al., 1985; Nowycky et al., 1985; Hille, 1992) and, as shown in the 
experiments described in this report, this drug completely suppressed the Ca2+ current. 
These characteristics arc similar to those already reported for the L-type current seen in 
vertebrate cardiac tissue (Tsien et al .. 1987) and molluscan ARC muscle (Brezina et al., 
1994b). 
The second calcium current, the low voltage activated (LV A) T-type current, only appeared 
when cells were held at potentials more negative than -60mV. This current was activated 
between -70 and -50mV, reached a steady peak at test potentials between -50 and -30mV, 
then decayed and was inactivated at around Om V. The current appeared as an obvious 
shoulder in the 1-V plot. Moreover, apart from differences in voltage dependence, the two 
components could be separated by pharmacological means. Complete isolation of the LVA 
cmTent from the HVA current depends on having specific blocking agents. Unfortunately, 
there is no such blocking agents for the T-type current, although Ni2+ has a high selectivity 
for this channel. This divalent ion suppressed primarily the T -type current in squid cardiac 
myocytes, with much less effect on L-current amplitudes. Similar findings that nickel has a 
higher selectivity to T -type cu!Tents over L-type currents have been reported previously 
(Mitra & Morad, 1986; Hagiwara et al., 1988; Hirano et al., 1989; Wu & Lipsius, 1990). 
In contrast, earlier studies have established that the dihydropyridines are more selective for 
L-type Ca2+ cu!Tents (Hagiwara et al., I 988; Hirano et al., 1989; Wang et al., 1996). 
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In this investigation, both the L- and T-type currents were strongly suppressed by 
nifedipine (10, 20J.!M). Recent studies have shown that T-type currents (in some vertebrate 
neurons) may be affected by nifedipine as well (Akaike et al., 1989; Richard et al., 1991; 
Wang et al., 1996). 
The block of the Ca2+ currents in the squid heart myocytes by nifedipine appeared to be 
dose dependent as well as voltage dependent, with a more complete block at more positive 
holding potentials, supporting findings for vertebrate neurons (Wang et al., 1996). This 
low voltage activated T-type calcium current has been reported in many other excitable 
cells of invertebrates (Hagiwara et al., 1975; Deitmer, 1984; Fox & Krasne, 1984; Yamoah 
& Crow, 1994) and vertebrates (Carbone & Lux, 1984; Nowycky et al., 1985; Wang et al., 
1996), including cardiac myocytes (Bean, 1985; Nilius et al., 1985; Mitra & Morad, 1986; 
Bonvallet, 1987; Hagiwara et al., 1988; Hirano et al., 1989; Wu & Lipsius, 1990; Balke et 
al., 1992). Otherwise, there is very little literature on invertebrate Ca2+ currents in cardiac 
tissue, apart from the studies on the freshwater snail Lymnaea stagna/is (Brezden & 
Gardner, 1992). Voltage gated Ca2+ currents have been observed in Lymnaea ventricular 
myocytes, although no detailed experimental results have been published. However, cell 
attached recordings, performed on Lymnaea heart cells, have revealed three types of 
putative Ca2+ channels that are not voltage-gated (Brezden & Gardner, 1992); these being a 
SG (small conductance), a LG (large conductance) and a BaP (Ba2+ conducting channel) 
channel. A Ca2+ current has also been recorded from other molluscan non-cardiac tissues 
(Dorset! & Evans, 1991 ). 
4.4.3 Possible physiological roles of the ionic currents in squid cardiac tissue 
The generation of APs in squid ventricular muscle fibres is due to the inflow of Na +(See 
Section 4.4.1 ), thereby rapidly depolarising the cell membrane. This is similar to 
mammalian ventricular APs (Baer et al., 1976; Beeler & Reuter, 1977; Callawaert et al., 
1984). Following inactivation of INa, the squid heart cell is likely to be repolarised by the 
activation of three different outward currents; first, the activation of IA, followed by IK(CaJ 
and '"· Together, these K+ currents appear capable of repolarising the membrane 
sufficiently to reactivate INa· From its kinetics, the A-current seems to be responsible for 
the early repolarisation; a similar finding has also been reported for mammalian cardiac 
tissue (Tseng et al., 1987; Giles & Imaizumi, 1988; Apkon & Nerbonne, 1991; Fedida & 
Giles, 1991; Hille, 1992). In this current study, 4-AP broadened the AP, and induced an 
increased burst activity. lA is known to control the interval between action potentials (i.e., 
the rate of ftring), as described in molluscan neurons (Connor & Stevens, 197lc). The 
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delayed rectifier, lK, is understood to be responsible for repolarising the cell membrane 
during the late phase of the AP (Tasaki & Hagiwara, 1957; Latorre et al., 1984; Apkon & 
Nerbonne, 1991 ), which also appeared to be the case in this investigation. IK(Ca) is also 
assumed to be involved in the repolarisation of the cell, as described in other cardiac 
preparations (Isenberg, 1977; Kenyon & Sutko, 1987). 
Ca2+ currents are thought to be ubiquitous in all phyla and are essential for a host of 
important biological responses in different cells (Hille, 1992). In muscle cells, the calcium 
influx, via L-type channels, is thought to be the predominant pathway for Ca2+ entry for 
excitation-contraction (EC) coupling. Depolarisation of the cell allows a small amount of 
calcium to enter the cell and this causes a much larger release of calcium from internal 
stores, mainly from the sarcoplasmatic reticulum (SR) which then induces the contraction. 
The lca.L is, therefore, important for the maintenance of the AP plateau phase of 
mammalian cardiac cells (Tsien e/ al., 1987; Hirano et al., 1989). This plateau phase has, 
so far, not been observed in cephalopod hearts. However. speculations can only be made 
for the role of the L-type Ca2+ current in squid cardiac myocytes. Most probably, this 
current is involved in the contraction of the cell, either by permitting Ca2+ entry for direct 
binding to the contractile proteins or for inducing a release of intracellular stored Ca2+. It is 
not known whether cephalopods have an internal source of calcium, such as the SR as in 
mammals, or if they rely on an external source of Ca2+ for the contraction, as in some 
vertebrates, e.g., frogs, which have a poorly developed SR (Eckert et al., 1988). 
Cephalopods are known to have a fairly well developed SR (Schipp & Schtifer, 1969a), but 
they also hm·e access to a large external calcium source in the surrounding seawater. 
Another indirect role for the L-lype current is also the involvement in repolarisation of the 
cell, by the activation of IKtCoJ, as discussed above. 
The role of the T -type Ca2+ current is less well understood. Due to its much smaller size 
than the L-type it contributes probably relatively little to Ca2+ influx during contraction. 
These T-type Ca2+ channels are characterised by fast activation and inactivation, and a low 
threshold, which makes them well suited for participating in pacemaker activity (Nilius et 
al., 1985; Tsien et al., 1987; V assort & Alvarez, 1994). This hypothesis is supported 
further by recordings that show that the relative size and density of the T-current varies 
between different parts of the heart; it is largest in natural pacemaker cells, smaller in atrial 
cells and smallest in ventricular cells (Tsien et al., I 987; Wu & Lipsius, I 990). The 
function of these currents in atrial and ventricular cells is however less well known than in 
pacemaker cells, and Vassort & Alvarez (1994) stated that ' .... Ica,T is unlikely to be very 
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important for cardiac electrical activity'. Furthermore, due to its sensitivity to several 
pharmacological agents and neurotransmitters and the actual lack of specific inhibitors, the 
precise role is difficult to establish. 
4.4.4 Summary 
I. In this study, both spontaneous and electrically stimulated action potentials (APs) were 
recorded in the ventricle of the systemic heart of the squid Alloteuthis subulata. These 
APs were abolished after the application of the sodium channel antagonist TTX. 
Exposure of the preparation to the potassium channel blocker TEA affected the 
repolarisation of the cell membrane and prolonged the duration of the AP. 4-AP, which 
specifically blocks the A-current, widened the APs when applied to the ventricle, and 
also induced a high rate of spontaneous APs. 
2. Cardiac tissues of squid were enzymatically dissociated into single myocytes. 
Membrane currents were investigated in the isolated myocytes, using the whole cell 
patch clamp technique. Six different ionic currents were characterised and identified by 
their voltage dependence and pharmacology. 
3. Three types of outward potassium currents were distinguished. Two were voltage 
activated currents, the delayed rectifier (11,J and the A-current (lA), the third outward 
current depended on calcium entry for its activation and was identified as a calcium 
activated potassium current or C-current (IK(Ca)). 
4. Three inward voltage activated currents were also identified; these being a sodium 
current and two different types of calcium currents, an HVA L-type calcium current and 
a L VAT-type calcium current. 
5. It is suggested that all these currents are important components in the formation of the 
cardiac action potential, as described in the vertebrate heart. The fast upstroke of the 
action potential is due to the inflow of Na +, thereby rapidly depolarising the cell 
membrane. Following inactivation of INa the squid heart cell is likely to be repolarised 
by the activation of three different outward currents; first the activation of lA, followed 
by IK(Ca) and IK. Together, these K+ currents are most likely capable of repolarising the 
membrane sufficiently to reactivate lNa· The L-type calcium current may be involved in 
the excitation-contraction coupling, and in the activation of the calcium dependent 
potassium cuJTent. The role ofT-type calcium current in the ventricle is less clear. 
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6. These results ~show that cephalopod cardiac my9cyte_s :eglpi_oy a similar array. cifiortic 
cuHents as to those 'foundl ·in' vertebrate hearts, and. ·it may :be that :these •currents: ate 
fundamental! for alii woridng1hearts,J'or·invertebrates as. well as veriebrates. 

Chapter 5 GENERAL DISCUSSION 
5.1 General discussion 
The key findings of this research programme can be discussed within the framework of the 
three research objectives set out at the start of this study (See Section 1.8). 
Objective 1: To describe morphologicallv the innervation of the cardiac tissues in 
sguid 
This research programme has provided new information on the morphological innervation 
of the cardiac tissues in squid. The results show that the squid cardiac system has a 
complex innervation from the brain, via a cardiac ganglion, implying a high degree of 
neural control over the system. The trio of hearts in squid are innervated through the 
visceral nerves, as is also found in cuttlefish and octopods. The major difference between 
the cardiac innervation of decapods and octopods is that in the latter, an additional pair of 
ganglia (the fusiform ganglia) exist, from which nerves innervate the octopod systemic 
heart. No such ganglia are present in the decapods. The ventricle of the decapod systemic 
heart receives nerves from, or close to, the commissure that connects the two visceral 
nerves. whereas the auricle is innervated from the cardiac ganglion. The main observed 
difference bet\veen the cardiac innervation of cuttlefish and squid, was in the origin of the 
ventricular nerve; in the former it arises from the middle of the commissure, whereas in 
squid, it originated from the visceral nerve close to the commissure (See Chapter 2). 
In this study, no specific distinctions in the anatomy of the cardiac innervation, that would 
indicate differences in lifestyle of the various groups of cephalopods, were observed. 
Although squid are pelagic, schooling animals, with a very active lifestyle when compared 
to octopods and cuttlefish, that are benthic living with only periods of burst activity, this 
does not necessarily mean that the morphological innervation of squid has to be different 
from that found in other cephalopod groups. They all regulate their heart in a precise and 
detailed manner (See Chapter I and 2). The extensive innervation is thought to be 
necessary for the complexity of the mechanism of blood circulation in cephalopods, since 
all the organs driving the blood must pulsate in a definite sequence and in this co-
ordination the nervous system presumably plays an important role. Furthermore, large 
parts of the cephalopod brain have been found to be involved in the control of the 
peripheral circulation (Young, 1971) and, hence, the extensive innervation of the 
bloodvessels suggests the possibility of complex reflexes (Smith, 1981 b; Schipp, 1987b ). 
Apart from this extrinsic regulation via the visceral nerves, there is also an intrinsic system 
with cardioregulatory agents circulating in the blood that also participate in maintaining 
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circulatory homeostasis in cephalopods (Cottrell, 1989). Thus, the regulation and co-
ordination of the myogenic cephalopod hearts and the contractile blood vessels, are very 
sophisticated (Smith, 1981b; Schipp, 1987a,b). 
Other non-cephalopod molluscs appear to have a simpler innervation, although the detailed 
anatomy varies considerably between the different molluscan groups (Jones, 1983). The 
innervation of the cardiovascular system in the gastropod, Aplysia californica, has been 
described by Mayeri et al. (1974a). The heart is innervated by the pericardial nerve 
emanating from the abdominal ganglion. This nerve divides into an auricular nerve and 
ventricular nerve. The former nerve also gives off a branch to the ventricle where it 
ramifies in the A V valve insertions and pat1 of the ventricle. They identified seven cells in 
the abdominal ganglion that account for a major proportion of the neural control of the 
system; two cells that increase heart rate, two cells that inhibit heart rate, and tluee cells 
that increase vasomotor tone. Bivalve hearts are i1mervated from the visceral ganglion via 
the ccrebrovisceral connective on each side so that a cardiac nerve enters the heart via each 
auricle (Jones, 1983). 
Briefly, lower vertebrates (such as most fish). and higher vertebrates, have a well 
developed autonomic nervous system that has a major function in the control of the 
cardiovascular system (Nilsson & Holmgren. 1992). Parasympathetic (inhibitory) nerves 
reach the hea11 in the vagus nerve. and sympathetic (excitatory) nerves either run in 
separate nerves to the heart, or join the vagus nerve and run as a "vago-sympathetic trunk" 
to the heart (Nilsson & Holmgren, 1992). The vertebrate heart typically operates under a 
degree of inhibitory vagal tone, that varies with physiological state and environmental 
conditions (Ask, 1983). As in molluscs, besides this extrinsic cardiac regulation there is 
also an intrinsic control system with cardioactive agents that are being released into the 
blood system. 
Objective 2: To investigate the pharmacological regulation of the branchial heart in 
sguid 
The research programme has provided information on the effects of putative 
neurotransmitters involved in the control and regulation of the cardiovascular system of 
squid. Previous histochemical and pharmacological studies of cephalopod cardiac tissues 
have provided evidence for the likely presence of two antagonistically working transmitter 
systems, which are remarkably similar to that of the vertebrates, with a cholinergic 
(inhibitory) and an aminergic (excitatory) component (See Chapter 3). The findings in this 
study, indicate the presence of an inhibitory cholinergic receptor system in squid branchial 
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hearts, with possibly both nicotinic and muscarinic receptors present. The cholinergic 
agonists showed an inhibition of squid cardiac contractions. The effect of acetylcholine on 
other molluscs is very variable, with cardioexcitation observed, as well as, cardioinhibition 
within the same species. Acetylcholine elicits an inhibition of the auricle of the pond snail 
Lymnaea stagna/is when applied in low concentrations ( <5x I o·8M) (Buckett et al., 1990a), 
which is consistent with results from many other species (Krijgsman & Divaris, 1955; Hill 
& Welsh, 1966; Jones, 1983). Cardioexcitation has also been observed in Lymnaea heart 
at higher concentrations (Bucket! et al., J990a). Acetylcholine is also well known for 
being the inhibitory transmitter substance in the regulation of both lower and higher 
vertebrate hearts, where it acts on muscarinic receptors associated with the pacemaker and 
atrial myocardium (Ecker1 et al., 1988; Taylor, 1992). Of course, acetylcholine is widely 
employed as a neurotransmitter throughout the animal kingdom, probably because it can be 
synthesised with one enzymatic step from choline and acetate, and the molecule 
decomposes into pharmacologically inactive primary products through a simple enzymatic 
hydrolysis, and it is a very polar substance, which makes it very suitable for interactions 
with complementary structures (receptors) (Leake & Walker, 1980). 
Catecholamines act as cardiac neurotransmitters in molluscs, particularly dopamine rather 
than other catecholamines, such as adrenaline and noradrenaline, which are only active at 
high concentrations (Jones, 1983). This is contradictory to what has been found in 
cephalopod hearts. where adrenaline and noradrenaline produce a strong excitation of the 
heart (Kling & Jakobs, 1987), and dopamine evokes only weak excitatory responses 
(Fiedler & Schipp, 1990). The results from this study of catecholamines effect on the 
cardiac contractions of squid branchial heart, does not support previous findings in 
cephalopods. Although a cardioexcitatory effect was observed, it was here found to be 
rather non-speci tic and inconsistent. One reason for this could be the Jack of receptors for 
these catecholamines, and it may be that other excitatory neurotransmitters, such as 
dopamine, could be of greater importance here. It has been proposed that peptides may 
play a more important role in squid branchial hearts, than in other cephalopods. Recent 
immunoc)1ochemical studies by Chrachri et al. (1997) and Williamson et al. (1997) have 
localised FMRFamide in the nerve innervating the branchial hearts of Loligo forbesii, thus 
indicating a possible neurotransmitter role for this peptide, beside the hormonal action 
when released into the blood stream from the NSV system. FMRFamide-like peptides 
have also been shown to be present in the heart of many other molluscs, such as Lymnaea 
stagna/is (Bucket! et al., 1990a). The peptides produced positive inotropic and 
chronotropic effects on the Lymnaea heart, as also found in cephalopods (only systemic 
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heart) (Wells & Mango Id, I 980; Kling & Jakobs, I 987; Jakobs, I 991 ). 
Sympathetic nerves release catecholamines that exert an excitatory effect on the fish heart, 
acting via p2-receptors. Circulating catecholamines, originating from the chromaffin tissue 
(situated in the larger veins close to the heart), also play an important role in the regulation 
of the activity in the fish heart (Ask, I 983). This tissue seems to be equivalent to the 
adrenal medulla of higher vertebrates, and may be to the NSV -system (neurosecretory 
system of the vena cava) of cephalopods. In teleost fish, adrenaline is the dominant 
catecholamine both in the nerves terminating in the heart and in the circulation. In 
mammals, noradrenaline is released from the sympathetic nerves and increases the cardiac 
activity by acting on P1-receptors. Conversely, adrenaline is secreted from the adrenal 
medulla into the circulation, and acts on P2-receptors (Ask, 1983). Pharmacological 
studies of the cuttlefish (Sepia officina/is) heart, suggests the presence of an a-
adrenoreceptor. although it has been considered that invertebrate receptors cannot be 
classified according to the vertebrate receptor terminology (Kling & Schipp, 1987b). 
5-hydroxytryptamine is the cardiac excitatory neurotransmitter employed by many 
molluscs, with bivalves and gastropods showing an extremely high sensitivity (Kling & 
Jakobs, 1987), although Greenberg ( 1965) reported inhibition of several bivalve hearts by 
5-HT. The auricle of Lymnaea stagna/is increases its heart rate and amplitude when 
exposed to 5-1-IT and to dopamine, however, these monoamines are thought to act on 
different receptors in the heart muscle (Buckett et al., 1990a). 5-1-IT has been localised in 
Lymnaea heart by immunocytochemistry and by HPLC (Bucket! et al., 1990a). Dopamine 
has also been found to be present, but only in small quantities. 5-I-IT is not considered to 
be involved in the regulation of the cephalopod gill heart (Sepia: Fiedler & Schipp, 1990; 
Lo/igo: this study), in contrast to the systemic heart where a clear excitatory response was 
observed, with corresponding in vivo and in vitro results (Kling & Jakobs, 1987). However, 
5-HT has been detected in the central nervous system of cephalopods, but it seems to be 
absent from the peripheral nerves and the hearts (Wells, 1983a). It may be therefore that 
5-HT is released in vivo from other organs or tissues and reaches the systemic heart via the 
blood stream or, for externally applied 5-HT, a mimetic stimulation of an unknown 
receptor is involved, for 5-HT has been shown not to interact with the catecholamine 
receptor (Kling & Jakobs, I 987). 
Objective 3: To study the electrophysiology of the squid cardiac tissue 
The research programme has provided data about the electrophysiology of the squid cardiac 
tissues, using conventional intracellular and whole cell voltage clamp techniques. The 
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results in this investigation have shown that the individual squid heart cells operate using a 
combination of at least six different ionic conductances: three outward potassium currents 
(a voltage dependent delayed rectifier, an A-current, and a calcium dependent potassium 
current), and three inward voltage dependent currents (a sodium current, and an L-and T-
type calcium current). This is the first comprehensive description of the whole cell ionic 
conductances in any invertebrate heart, and is of particular interest in that this is the same 
array of currents found in most vertebrate heart cells. These ionic conductances are 
involved in the formation of the cardiac action potential and thus cardiac excitation and 
contractility. In summary, the upstroke of the cardiac action potential is caused by the 
opening of Na + channels, and thereby depolarises the cell membrane. Cardiac contraction 
is initiated as Ca2+ ions flow down their electrochemical gradient into the cell through 
voltage-gated ci+ channels. Ca2+ then activates the contractile proteins, but also triggers 
the release of intracellular stored calcium, such as from the sarcoplasmic reticulum. The 
quantitative contribution of these two sources of calcium to contraction differs between 
species and, is not yet known for cephalopod cardiac tissues. The contraction is terminated 
by the repolarisation of the cell membrane, which is due to the activation of several 
different types of K+ currents. This array of ionic currents might be fundamental for all 
working hem1s, for invertebrates, as well as, vertebrates, although the underlying 
mechanism and regulation of each current is likely to differ, perhaps being more complex 
for more advanced animal groups. 
Modulation of the activity in membrane ionic channels is one of the primary mechanisms 
for the regulation of cardiac rate and contraction by neurotransmitters and hormones 
(Yazawa & Kamcyama, 1990). Several studies have examined such mechanisms in 
\·encbrate cardiac and non-cardiac tissues, but unfortunately, ve1y little has so far been 
reported on invertebrate cardiac cells. The underlying mechanisms in the regulation of the 
ion channels in cephalopods is also as yet unknown. Recent studies have shown that 
FMRFamide inhibits the L-type Ca2+ current in squid (Loligo forbesii) cardiac muscle 
cells, although an increase of the Ca2+ current has also been observed in some cells 
(Chrachri et al., 1997,submitted; Williamson et al., 1997). FMRFamide also activates 
Ca2+-like channels in the heart muscle cells of Lymnaea stagna/is (Brezden et al., 1991) 
and increases myocardial contractility in the bivalve Mercenaria mercenaria, by 
stimulating adenylate cyclase activity and cyclic adenosine monophosphate (cAMP) 
(Higgins et al., 1978). It has been suggested that the modulation of the L-type Ca2+ current 
in squid heart cells by FMRFamide is mediated via a pertussis toxin sensitive G-protein 
(Chrachri et al.,submitted; Williamson et al., 1997). 
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The modulation of vertebrate cardiac ionic currents, by 'classical' neurotransmitters, is 
through effects on existing ionic currents or through the activation of ligand-dependent 
currents. This involves the regulation of different second messenger systems, such as 
cyclic nucleotide monophosphates (cAMP, cGMP), inositol triphosphate (IP3), 
diacylglycerol (DAG) and nitric oxide (NO). The signal transduction mechanism varies for 
different receptor types and subtypes, even for the same transmitter substance (Hartzell, 
1988; Walling e/ al., 1995). Fu11hermore, apart from the different ionic currents, there are 
also several metabolic pump and exchange systems situated in the cell membrane that are 
also involved in the homeostasis of the cell. These may also be modulated by the different 
neurotransmitters. 
There is a enormous lack of electrophysiological/pharmacological information within this 
area of invertebrate cardiac regulation and it is of great interest to carry out more research 
in this field (See Section 5.2). 
In conclusion, the results of this research programme, further support the view of the 
cephalopod cardiovascular system, an extremely sophisticated system, but provide new 
data that will help us to understand the physiology of the cephalopod cardiac system. 
5.2 Future work 
However, a great deal of more research is still needed before we can understand how the 
cephalopod cardiac system is regulated. 
Further pharmacological experiments on squid cardiac tissues are needed, maybe using the 
main heart instead of the gill heart to see if this tissue would be more suitable for this type 
of experiments. It may also be of interest to carry out protein assays, or similar, on the 
perfusate collected from the isolated heart in the perfusion system, to study the viability of 
the heart during the experiment. Histochemical studies of the presence and localisation of 
putative neurotransmitters, their synthesising enzyme and hydrolysing enzyme, would also 
be valuable. 
It would be of particular interest to combine the pharmacology with the electrophysiology, 
to study the modulation of the membrane ionic channels, as this is an important mechanism 
for the regulation of cardiac contraction. This would investigate the effect of putative 
neurotransmitters on existing voltage-dependent ionic currents and on ligand-activated 
currents. For instance, ACh is known to induce a K+ current in vertebrate cardiac myocytes 
(1-Iartzell, 1988). 
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Furthermore, studies of the underlying signal transduction mechanisms in the regulation of 
the ion channels would be of great value, to see whether cephalopods have evolved the 
same kind of second messenger systems as the vertebrates. 
It would also be interesting to investigate further the role of calcium in squid heart muscle 
cells. Calcium is an important second messenger in many cell types, and is also involved 
in the contractile mechanism in muscle cells. The source of calcium, that powers the 
contraction, comes from mainly an internal store (sarcoplasmic reticulum, SR) in 
mammalian cells, whereas in other vertebrates, e.g. frogs, with poorly developed SR, most 
of the calcium comes from the external medium (the surrounding medium) (Eckert et al., 
1988). However, squid heart cells, which have access to a large external calcium source 
(i.e. seawater), also have a well developed SR; so what is their source of calcium for the 
contraction? Further studies on the squid L- and T -type calcium currents, and their role, 
would therefore also be interesting. 
Finally, this new information on the operation of a complex cardiac system, may, by 
comparison, cast light on the operation of all such systems, including those of vertebrates. 
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